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ABSTRACT
To investigate the evolution in the relation between galaxy stellar and central black hole
mass we identify a population of 508 X-ray selected AGN (Active Galactic Nuclei) at 0.4
< z < 6 residing within host galaxies with stellar masses in the range 1010M⊙ < M∗ <
10
12M⊙. From this sample we construct a volume limited complete sample of 85 AGN with
host galaxy stellar masses M∗ > 1010.5M⊙, and specific X-ray luminosities LX > 2.35 ×
10
43 erg s−1 at 0.4 < z < 3. We calculate the Eddington limiting masses of the supermassive
black holes (SMBHs) residing at the centre of these galaxies, and observe an increase in
the average Eddington limiting black hole mass with redshift. While the black hole mass
and Eddington ratio, µ, are degenerate, if we assume that the local MBH − M∗ relation
holds at all redshifts we find that the mean Eddington ratio µ rises from 0.056 +/- 0.010
at z = 0.7 to 0.087 +/- 0.011 at z = 1.25, with no significant evolution thereafter to z = 3.
Alternatively, by assuming that there is no evolution in µ and then that there is maximum
possible evolution to the Eddington limit, we quantify the maximum possible evolution in the
M∗/MBH ratio as lying in the range 700 < M∗/MBH < 10000, compared with the local
value of M∗/MBH ∼ 1000. We furthermore find that the fraction of galaxies which are AGN
(with LX > 2.35×1043 erg s−1) rises with redshift from 1.2 +/- 0.2 % at z = 0.7 to 7.4 +/- 2.0
% at z = 2.5. We use our results to calculate the maximum timescales for which our sample of
AGN can continue to accrete at their observed rates before surpassing the local galaxy-black
hole mass relation. We use these timescales to calculate the total fraction of massive galaxies
which will be active (with LX > 2.35× 1043 erg s−1) since z = 3, finding that at least ∼ 40%
of all massive galaxies will be Seyfert luminosity AGN or brighter during this epoch. Further,
we calculate the energy density due to AGN activity in the Universe as 1.0 (+/- 0.3) × 1057 erg
Mpc−3 Gyr−1, potentially providing a significant source of energy for AGN feedback on star
formation. We also use this method to compute the evolution in the X-ray luminosity density
of AGN with redshift, finding that massive galaxy Seyfert luminosity AGN are the dominant
source of X-ray emission in the Universe at z < 3.
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1 INTRODUCTION
One of the major unresolved questions in observational astro-
physics is the role of supermassive black holes (SMBHs) in the
evolution of galaxies. For over a decade the existence of SMBHs in
the centre of massive galaxies has been established (e.g. Kormendy
& Richstone 1995), but the impact they have on their host galaxies
is still hotly debated. In the local Universe relations between the
mass of the SMBH and the luminosity of the host galaxy have been
discovered (Kormendy & Richstone 1995), as well as tighter rela-
tions between the SMBH mass and velocity dispersion, and hence
mass, of the hosting bulge or spheroid (Ferrarese & Merritt 2000,
Marconi & Hunt 2003, Haring & Rix 2004). These relationships
indicate a causal link between galaxies and the SMBHs that reside
within them. However, the nature of this interdependence and its
origin remain open issues in the field. A classic crucial question
is: which evolves first, the host galaxy or its SMBH? This funda-
mental ‘chicken and egg’ question can be resolved by measuring
the masses of SMBHs at higher redshifts and investigating whether
they follow the local MBH −M∗ relationship, and if not, quanti-
fying how they differ from it.
SMBHs are thought to be a near ubiquitous component of
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massive galaxies (e.g. Ueda et al. 2003, Barger et al. 2005) although
the exact fraction of massive galaxies that contain SMBHs is still
unknown, especially at higher redshifts. One probe of the evolution
of SMBHs is to look at the X-ray luminosity function (XLF) and
examine how it evolves with redshift (Ueda et al. 2003, Hasinger
et al. 2005, Barger et al. 2005, Aird et al. 2009). These studies
demonstrate that there is a steep positive evolution of the XLF with
redshift out to z ∼ 1.2, followed by a less steep decline with red-
shift thereafter at even higher z. Studies disagree on whether there
is evolution in the fundamental shape of the XLF, but all agree that
there is evolution in the X-ray luminosity density with redshift. As
such, SMBHs are known to be dynamic objects, subject to effects
from the evolution of their host galaxies. In order to probe the evo-
lution of AGN over cosmic time one must be careful to compare
populations that are fundamentally linked. With XLF studies one
considers a range of X-ray luminosities and quantifies the evolution
within this range, often ignoring the characteristics of the underly-
ing host galaxy population. In this paper, we restrict our sample of
AGN to those with optical - NIR detected host galaxies with well
determined redshifts and stellar masses, allowing us to link objects
at different redshifts for comparison via the stellar masses of their
host galaxies.
Measuring the mass of a SMBH, however, is not trivial. Often
the most robust methods involve a virial mass estimation technique
(see e.g. McLure & Dunlop 2002), whereby one acquires detailed
spectroscopy of the central most region of a galaxy and use the as-
sumption of a virialised system to estimate the SMBH mass from
the broadening of spectral lines. The mass contained within a ra-
dius R is M(< R) ∼ Rσ2/G. The value of σ can be deduced
directly from the FWHM (full width half maximum) of any broad
line emission (most commonly Hβ). More challengingly, the radius
at which the broad line emitting region resides must be known in
this method. This can be deduced from the time delay between line
emission from the accretion disc and re-emission from the broad
line emitting region, in orbit around the disc. Thus, R ∼ cτ , where
τ is the time delay. This is only possible to measure in nearby sys-
tems with any accuracy, due to the high resolution required in this
method. Fortuitously, an empirical relationship has been demon-
strated to exist (e.g. McLure & Jarvis 2002, Willott, McLure &
Jarvis 2003, Woo et al. 2008) between the monochrome luminosity
of the 3000 A˚ line and the radius of the broad line emitting region.
Nonetheless, even this method requires good spatial resolution, and
a bright (most often quasar) source for anything but the most local
AGN (active galactic nuclei).
In order to estimate the SMBH mass of a distant Seyfert-
luminosity active galaxy, one may employ Eddington arguments
by setting the outward radiative force equal to the inward force
of gravity. Essentially this method gives a minimum value to the
black hole mass given the luminosity of its accretion disc (see e.g.
Alexander et al. 2009). Essentially MBH ∝ µLBol, with µ being
a constant term related to the efficiency of the SMBH. In the lo-
cal Universe, at z < 0.2, µ ∼ 0.05 (see e.g. Marconi et al. 2009),
implying that the average SMBH in the local Universe is accreting
matter at ∼ 5 % of the Eddington maximum. The bolometric lu-
minosity of the accretion disc may be calculated by employing a
measured X-ray specific luminosity and utilising a spectral energy
distribution. Naturally, these Eddington based methods are less re-
liable for calculating the mass of the central black hole because
they contain an efficiency degeneracy. Therefore, one can trace the
evolution of the black hole mass only with assumptions about the
evolution of the efficiency and vice versa. However, for represen-
tative AGN at intermediate to high redshifts (z > 1) the Eddington
method is often the only method for calculating SMBH masses for
more than a few galaxies as it does not depend on obtaining very
high resolution spectroscopy which frequently cannot be obtained,
especially for lower luminosity AGN.
In this paper we calculate the Eddington limiting (minimum
SMBH) mass for 508 X-ray active galaxies with known stellar
masses and spectroscopic or photometric redshifts, taken from the
GOODS and Extended Growth Strip fields. We utilise deep X-
ray data from the Chandra X-ray Observatory (hereafter Chandra)
and optical to near infrared data from the Hubble Space Telescope
(HST) NICMOS and ACS cameras, the Palomar Observatory and a
host of other ground based observatories, including the CFHT, VLT
and Keck observatories. We construct from this data set a volume
limited sample of 85 ‘Seyfert’ galaxies with specific hard band lu-
minositiesLX > 2.35×1043ergs−1 and host galaxy stellar masses
in the range 1010.5M⊙ < M∗ < 1012M⊙ (selected to be not point
like), where we are complete to z = 3. We use this sample to probe
the evolution of the MBH −M∗ relationship with redshift, and to
compute the total active fraction (at bright ‘Seyfert’ luminosities)
of massive galaxies over the past 11.5 billion years.
This paper is structured as follows: §2 outlines the sources of
our data and measures of photometric redshifts and stellar masses,
§3 outlines the major sources of random and systematic error or
biases affecting this work, and what we have done to parameterise
and minimise their effects. §4 outlines our methods, including ex-
planation of how we deduce lower limits to black hole masses. §5
presents our results in detail, as well as presenting a novel method
for calculating AGN lifetimes. §6 encompasses a discussion of our
results, with §7 summarising our conclusions. Throughout the pa-
per we assume a ΛCDM Cosmology with: H0 = 70 km s−1 Mpc−1,
Ωm = 0.3, ΩΛ = 0.7, and adopt AB magnitude units.
2 DATA AND OBSERVATIONS
We utilise near-infrared and optical data from the GOODS ACS
and NICMOS galaxy Surveys (ACS, Dickinson et al. 2003; GNS,
Conselice et al. 2010, in prep), the Palomar Observatory Wide-field
Infra-Red (POWIR) galaxy Survey (Conselice et al. 2007, 2008,
and Davis et al. 2007), and complementary surveys based in the
GOODS field and Extended Growth Strip (EGS). Additionally, we
compare these observations to X-ray catalogs from the Chandra
Deep Field North / South (CDF-N/S, Alexander et al. (2003), Luo
et al. 2008), and the AEGIS-X survey (Laird et al. 2009). In so
doing we construct two samples: an ‘AGN’ sample where we are
not complete (with all NIR galaxy - X-ray source matches within
a 1.5′′ radius for hard band X-ray luminosities LX > 1042 erg
s−1 in galaxies with stellar masses M∗ > 1010M⊙; and a volume
limited sample of ‘Seyfert’ galaxies (defined to be not-point-like
AGN with hard band X-ray luminosities LX > 2.35 × 1043 erg
s−1 in host galaxies with sellar masses M∗ > 1010.5M⊙) where
we achieve completion to z = 1.5 in the EGS field and z = 3 in the
GNS fields. In general we use the first, and larger, sample to probe
intrinsic AGN properties, and the volume limited sample to probe
the redshift co-evolution of SMBHs and their host galaxies in the
‘Seyfert’ luminosity regime.
2.1 Near Infrared Data
We utilise the POWIR survey in the EGS field to obtain redshifts
and stellar masses for a large sample of galaxies and, after match-
ing with Chandra data, our sample of AGN hosts out to redshifts
c© 0000 RAS, MNRAS 000, 000–000
SMBH - Galaxy Co-Evolution 3
of z = 1.5. The POWIR Survey obtained deep K and J band imag-
ing over ∼ 1.52 deg2 in the EGS (see Fig. 1 for an illustration).
Limiting magnitudes reached in the K band are typically 22.5 - 23
(5 σ) over the entire area. In total ∼ 20,000 galaxies were imaged
between z = 0.4 and z = 2. Photometric redshifts were calculated
for these galaxies using optical (CFHT) + NIR (Palomar) imaging
in the BRIJK bands (see Conselice et al. 2008 for a detailed discus-
sion of these, and §2.2 for further details). From this stellar masses
were estimated by fitting spectral energy distributions with Bruzual
& Charlot (2003) stellar population synthesis models, with varying
star formation histories. Resulting stellar mass errors are ∼ 0.2 -
0.3 dex (see Conselice et al. 2007 and §2.3 for further details). We
are complete down to M∗ = 1010.5M⊙ at z = 1.5. For full details
on the selection, photometry, redshift and stellar mass calculations
see Conselice et al. (2007 and 2008) and §2.2 and 2.3. Also see
§3.2 for a discussion of possible sources of systematic errors on
photometric redshifts and stellar masses.
We utilise data from the ultra-deep ‘pencil beam’ HST
GOODS ACS and GNS surveys to obtain masses and photomet-
ric redshifts for galaxies at high redshifts (1.5 < z < 3) in the
GOODS North and South fields (see Fig. 2). We use published
masses and photometric redshifts (see Dickinson et al. 2003, Gi-
avalisco et al. 2004)) for the large AGN sample, but restrict for our
volume limited sample the area probed to that covered additionally
by the GNS, where we have much deeper imaging in the H-band
and higher mass completion. The GOODS NICMOS Survey im-
ages a total of ∼ 8000 galaxies in the F160W (H) band, utilising
180 orbits and 60 pointings of the HST NICMOS-3 camera (see
Fig. 2 for a depiction of the pointings). These pointings are centred
around massive galaxies at 1.7 < z < 3 to 3 orbits depth. Each tile
(51.2′′x51.2′′ , 0.203′′/pix) is observed in 6 exposures that combine
to form images with a pixel scale of 0.1′′, and a point spread func-
tion (PSF) of ∼ 0.3′′ full width half maximum (FWHM). The total
area of the survey is ∼ 43.7 arcmin2. Limiting magnitudes reached
are H = 26.5 (10σ). We are complete down to M∗ = 1010M⊙
at z = 3, to 10 σ. The wealth of observational data available in
the GOODS fields allows us to utilise data from the U to the H
band in the determination of photometric redshifts (see §2.2 for
further details). Multi-colour stellar population fitting techniques
were utilised to estimate stellar masses to an accuracy of ∼ 0.2 -
0.3 dex (see §2.3 for further details and §3.2 - 3.2 for a discussion
on the errors involved in computing stellar masses for AGN at high
redshifts). A selection bias is introduced due to our pointings be-
ing selected to maximise the number of massive galaxies imaged,
whereby we witness higher surface densities of massive galaxies in
the GNS than expected from imaging to a similar depth a randomly
chosen area of sky. Where necessary we take account of this bias
in our analyses (see e.g. §5.4.5).
Details of the techniques used for the GNS in constructing
catalogs, photometric redshifts and stellar masses may be found
in Buitrago et al. (2008), Bluck et al. (2009), Gruetzbauch et al.
(2010) and a more full account in Conselice et al. (2010), in prep.,
as well as further information in §2.2 - 2.3. A discussion of more
robust error estimates on stellar masses can be found in Bluck et
al. (2009), where it is concluded, through Monte-Carlo simulation,
that systematic errors arising out of Poisson errors from the steep-
ness of the stellar mass distribution (Eddington biases) do not result
in a significant infiltration of lower mass objects. Further discussion
on the use of the SExtractor package to produce galaxy catalogs is
also provided in Bluck et al. (2009), with special concern for de-
blending accuracy and removal of stellar objects and spurious de-
tections. Possible sources of systematic bias on stellar masses and
photometric redshifts, and their effect on our results, are addressed
in detail in §3.
2.2 Spectroscopic and Photometric Redshifts
We utilise both spectroscopic and photometric redshifts for the
galaxies we study in both the EGS and GNS fields. The only field
which has extensive available spectroscopy, however, is the EGS.
The Keck EGS spectra were acquired with the DEIMOS spectro-
graph as part of the DEEP2 redshift survey (Davis et al. 2003).
Target selection for the DEEP2 spectroscopy was based on the
optical properties of the galaxies detected in the CFHT photom-
etry, with the basic selection criteria being RAB < 24.1. DEEP2
spectroscopy was acquired through this magnitude limit, with no
strong colour cuts applied to the selection. About 10,000 redshifts
are measured for galaxies within the EGS. The sampling rate for
galaxies that meet the selection criteria is 60%.
This DEIMOS spectroscopy was obtained using the 1200
line/mm grating, with a resolution R ∼ 5000 covering the wave-
length range 6500 - 9100 A˚. Redshifts were measured through an
automatic method comparing templates to data, and we only utilise
those redshifts measured when two or more lines were identified,
providing very secure measurements. Roughly 70% of all targeted
objects result in secure redshifts.
We utilise photometric redshifts computed by our group
within the EGS (e.g. Bundy et al. 2006; Conselice et al. 2007,
2008). Within the EGS, photometric redshifts are based on the op-
tical + near infrared imaging, in the BRIJK bands, and are fit in
two ways, depending on the brightness of a galaxy in the optical.
For galaxies that meet the spectroscopic criteria, RAB < 24.1, we
utilise a neural network photometric redshift technique to take ad-
vantage of the vast number of secure redshifts with similar photo-
metric data. Most of the RAB < 24.1 sources not targeted for spec-
troscopy should be within our redshift range of interest, at z < 1.5.
The neural network fitting is done through the use of the
ANNz (Collister & Lahav 2004) method and code. To train the
code, we use the ∼ 5000 secure redshifts in the EGS, which have
galaxies spanning our entire redshift range. The training of the pho-
tometric redshift fitting was in fact only done using the EGS field,
whose galaxies are nearly completely selected based on a mag-
nitude limit of RAB < 24.1. We then use this training to cal-
culate the photometric redshifts for galaxies with RAB < 24.1.
The agreement between our photometric redshifts and our ANNz
spectroscopic redshifts is very good using this technique, with
δz/(1+z) = 0.07 out to z ∼ 1.4. The agreement is even better for
the M∗ > 1010.5M⊙ galaxies where we find δz/(1 + z) = 0.025
across all of our four fields (Conselice et al. 2007).
For galaxies which are fainter than RAB = 24.1 in the EGS
we utilise photometric redshifts using Bayesian techniques, and the
software from Benitez (2000). For an object to have a photometric
redshift we require that it be detected at the 3 σ level in all opti-
cal and near-infrared (BRIJK) bands, which in the R-band reaches
RAB ∼ 25.1. We optimised our results, and correct for systemat-
ics, through the comparison with spectroscopic redshifts, resulting
in a redshift accuracy of δz/(1 + z) = 0.17 for RAB > 24.1 sys-
tems. These RAB > 24.1 galaxies are, however, only a very small
part of our sample. Furthermore, all of these systems are at z > 1.
The redshifts for the GOODS sample were derived using the
HST ACS and ground based NIR imaging, for the whole GOODS
area, and the HST GNS + ACS space based data for the volume
limited sub-sample. Most of these sources were chosen through
multiple selection methods, namely the BzK, IERO and DRG se-
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lection (see Conselice et al. 2010, in prep. for a full description).
However, in the volume limited case only mass selection was ap-
plied (see Fig. 2). Our photometric redshifts, which we use for these
massive galaxies, are determined via standard techniques similar to
that used in the POWIR data described above (see Gruetzbauch
et al. 2010, Conselice et al. 2010 in prep.). Additionally, we find
seven spectroscopic redshifts from the literature for our sample of
massive galaxies. Using the GOODS/VIMOS DR1 (see Popesso et
al. 2008), we find three matches with δz/(1 + z) = 0.026, and
four spectroscopic redshifts from a compilation of redshifts from
the literature (see Wuyts et al. 2008) giving δz/(1 + z) = 0.034.
Please see Conselice et al. 2010, in prep., for full details on the de-
termination of photometric redshifts and stellar masses for the GNS
sample.
2.3 Stellar Masses
For the POWIR survey in the EGS field, stellar masses were
derived from spectroscopic and photometric redshifts and Palo-
mar Obaservatory and Canada France Hawaii Telescope obtained
BRIJK wavebands by fitting spectral energy distributions with
Bruzual & Charlot (2003) stellar population synthesis models, with
varying star formation histories. A Chabrier initial mass function
(IMF) was assumed. Full details of this method and its intrinsic
errors are provided in Conselice et al. (2007 and 2008). The er-
rors on the stellar masses were estimated to be ∼ 0.2 - 0.3 dex,
taking into account issues regarding the reliability of photometric
redshifts, the effects of AGB stars on the analysis, and Eddington
bias. Additional errors from the choice of IMF for the stellar mass
codes would lead to a factor of two or so uncertainty (see Conselice
2007).
For the full GOODS field (non-volume limited sample), stel-
lar masses were derived from a combination of groundbased NIR
imaging, and space based (ACS) optical imaging. These were taken
from the literature (see Giavalisco et al. 2004).
For the GNS, volume limited, sample stellar masses were
calculated from photometric redshifts and the HST ACS (BViZ)
and NICMOS (H) wavebands. The exact same Bruzual & Charlot
(2003) models and Chabrier IMF were used as with the POWIR
sample. Full details of the techniques used and error analyses per-
formed are provided in Conselice et al. (2010), in prep. and further
details in Gruetzbauch et al. (2010). Errors on these stellar masses
are also estimated to be ∼ 0.3 dex, with possible additional errors
on top from the choice of IMF.
The effect of possible systematic bias on the determination of
stellar masses for high redshift AGN host galaxies is discussed in
detail in §3.1 and §3.2. Here systematic errors arising from the con-
tamination of AGN light in the galaxy SED, and from systematic
photometric redshift errors (and catastrophic outliers) for high red-
shift AGN host galaxies are considered.
2.4 X-ray Data
The X-ray data used in this paper all originates from the Chandra
X-ray Observatory, with pointings in the GOODS North / South
and EGS fields (see Fig. 1 and 2 for a graphical representation of
the fields). The AEGIS-X survey covers a ∼ 0.64 deg2 area on the
sky with on-axis limiting fluxes of 5.3 × 10−17 erg cm−2 s−1 in
the soft (0.5 - 2 KeV) band and 3.8 × 10−16 erg cm−2 s−1 in the
hard (2 - 10 KeV) band. The AEGIS-X survey is complete for 54
% of the total survey area covered in the hard band down to 2.1
× 10−15 erg cm−2 s−1. This corresponds to a X-ray luminosity of
2.35× 1043 erg s−1 at z = 1.5, which is the redshift limit we use for
the POWIR survey. Thus, we are complete in X-ray sources above
our luminosity threshold for our volume limited sample, with LX
> 2.35 × 1043 erg s−1 at z < 1.5, for a reduced area of the total
EGS field. We restrict our volume limited sample to those galaxies
and X-ray sources which reside within the fraction of the survey’s
area where we are complete to these limits. The total area of our
volume limited sample is approximately 1/2 of the total AEGIS-X
area (corresponding to ∼ 1/4 of the total EGS POWIR field area,
see Fig. 1). See Laird et al. (2009) for further details on this survey.
The X-ray data we use to compare with the GOODS North
galaxy catalogs comes from the Chandra Deep Field North 2 Ms
X-ray source catalog (which along with the Chandra Deep Field
South is the deepest ever X-ray image taken to date). This covers
∼ 460 arcmin2 of sky and reaches on-axis soft band (0.5 - 2 KeV)
fluxes of 2.5 × 10−17 erg cm−2 s−1 and on-axis hard band (2 - 8
KeV) fluxes of 1.4× 10−16 erg cm−2 s−1. This survey is complete
for 28.5 % of the total survey area down to a hard band flux of 4.5
× 10−16 erg cm−2 s−1, which corresponds to a luminosity limit of
LX = 2.3× 1043 erg s−1 at z = 3, where we limit our GOODS data
in redshift for the volume limited sample. This leads us to detect all
X-ray sources above our luminosity threshold (LX > 2.35 × 1043
erg s−1) at z < 3 within the reduced area, to which we restrict our
volume limited sample. See Alexander et al. (2003) for a compre-
hensive review of the CDF-N data acquisition and properties.
To compare with our GOODS South galaxy catalogs we use
the CDF-S 2 Ms X-ray source catalog. Here an area of ∼ 436
arcmin2 of sky is imaged in X-ray hard and soft bands. Limiting
on-axis fluxes achieved are: soft band (0.5 - 2 KeV) 1.9 × 10−17
erg cm−2 s−1 and hard band (2 - 10 KeV) 1.3 × 10−16 erg cm−2
s−1. This survey is complete for 22 % of the total survey area down
to fluxes of 4.5 × 10−16 erg cm−2 s−1. This corresponds to LX =
2.3 × 1043 erg s−1 at z = 3, where we limit our sample. This leads
us to detect all X-ray sources above our luminosity threshold (LX
> 2.35 × 1043 erg s−1) at z < 3 within the reduced area, to which
we restrict our volume limited sample. For more details relating to
the CDF-S data see Luo et al. (2008).
Our volume limited sample within the highest redshift range,
taken from the GOODS North and South fields, has an area of ∼
2/3 that of the total GNS field, which corresponds to ∼ 1/9 of the
area of the entire GOODS North and South fields. (See Table 1 for
a summary of the data and the areas of completion).
Positional uncertainties are of the order 1 arcsec in size for all
of the X-ray data used, making it possible to place a strict 1.5 arc-
sec aperture limit on confirming an X-ray detected galaxy through
matching with NIR imaging (from the GNS and POWIR surveys).
Additionally, we imposed checks to determine how sensitive our
detection of AGN is to the exact aperture limits we use, finding
very few additional detections (∼ 5 %) by expanding the limits up
to 2.5 arcsecs, and very little loss (∼ 2 %) by reducing the limit
to 1 arcsec. We also use the criterion of ensuring each detection
is unique, to avoid possible confusion. In fact, no AGN - galaxy
matches had to be rejected for this reason using an aperture of 1.5
arcsecs.
We present in Table 1 a summary of the key surveys utilised in
this paper, which indicates their areas, depths and the reduced areas
used to construct volume limited samples. In the table, AT is the
total area of the survey(s) in question, Avol.lim. is the area of the
volume limited sub-sample of the survey where there is completion
to the mass limits and redshifts indicated (for the NIR + optical
surveys), and to a threshold hard band X-ray luminosity of LX >
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Figure 1. The EGS field. Black dots/ region indicate the location of M∗ >
1010M⊙ galaxies at redshifts (0.4 < z < 1.5). Note that there are∼ 16000
galaxies displayed here. The red circles are massive galaxies with secure
X-ray counterparts within a 1.5′′ radius of their positional centre, with hard
band luminosities LX > 1042 erg s−1, which form our low and interme-
diate redshift AGN sample. The Chandra (AEGIS-X) survey covers an area
approximately 1/2 the size of the POWIR survey, which can be visualised
by looking for where the red points generally reside. The green triangles
indicate bright ‘Seyfert’ luminosity AGN with LX > 2.35× 1043 erg s−1
at 0.4 < z < 1.5, residing within massive galaxies with M∗ > 1010.5M⊙,
where we are complete for a reduced area of this survey (∼ 1/4 the entire
EGS area). The criteria to select the region of completion for the Chan-
dra AEGIS-X survey is roughly given by setting the off-axis angle OAA <
7.02′. This marks out a complex area due to varying depths, angles of point-
ing, and repeat observations, and hence we do not display it here. However,
as a guide to the region of completion, where the green triangles reside we
are complete to the above stated limits.
2.35 × 1043 erg s−1 at the redshift limit indicated for each X-ray
survey. ML is the mass limit completion cutoff for the volume lim-
ited sample. The quoted depths are given for hard band fluxes (in
the case of the X-ray data) and magnitudes in the wavebands indi-
cated (for the NIR + optical surveys). Please see above (§2) for full
details on the specifics of each survey, and §4 for further details on
the construction of our volume limited sample.
3 BIASES AND SYSTEMATIC ERRORS
Biases and systematic errors are likely an important aspect in our
analysis and we have to address these issues very carefully. Not
only do we have to deal with issues such as intrinsically inaccurate
stellar masses and photometric redshifts (from random errors), but
also, we have the added complication that our sources are AGN
and emit light in the optical and NIR which can make quantities
such as stellar masses and photometric redshifts systematically less
accurate. Some of these systematics include contamination of the
AGN in creating higher stellar masses due to the possibly bright
point source, as well as creating a galaxy SED which is not entirely
stellar. Another issue is that the Chandra X-ray Observatory data
is not uniform across its field of view, resulting in less sensitive
detections in the outer regions of the field.
We also may detect slightly fewer AGN above our flux lim-
its due to the randomly distributed torus opening angles of accre-
tion discs in our survey. In part this issue will be mitigated by the
fact that we utilise the hardest X-ray bands (and hence most pen-
etrating X-ray emission) for our study but this effect is still likely
to make our measures of active fractions and luminosity densities
lower limits as discussed throughout this paper. Studies in the local
Universe, utilising data from the Swift and INTEGRAL surveys,
still find very few Compton thick sources (i.e. those most likely to
have edge on accretion discs to our line of sight) even up to energies
of ∼ 200 KeV (see Ueda et al. 2003 and Steffen et al. 2003). This
suggests that missing AGN due to certain torus opening angles will
still be a significant issue even though we use the deepest and hard-
est available X-ray bands to probe our sources. Additionally, these
surveys find that those highly obscured AGN have lower luminosi-
ties than their less obscured counterparts. This is, however, not a
significant problem for the results and conclusions in this paper be-
cause we consider our active fractions and total energy outputs to
be minima for this and other reasons, as is explained in detail in
the relevant sections. Finally, to derive an Eddington limited black
hole mass, we must have some idea of the bolometric luminosity of
the AGN. We explore each of these issues in turn throughout this
section.
3.1 AGN Contamination in Stellar Masses
Since we are working with galaxies that can host bright AGN, we
must deal with the fact that some light in the optical-NIR spectral
energy distributions of these galaxies may originate from light com-
ing from the AGN. A few methods and tests were used to ensure
that this is not a significant problem. The first is that our sample
does not include any objects that are point sources, as these were
removed before the analysis of stellar masses in both the POWIR
data (Conselice et al. 2007; 2008) and the GNS samples (Conselice
et al. 2010, in prep). Secondly, in terms of stellar masses, these
were measured using only galaxy SEDs, and we find no cases for
our sample where the SED is not well fit by standard star forma-
tion histories. Regardless, the stellar masses are measured in such a
way that the uncertainty in the stellar masses takes into account the
range of best fit masses, and this uncertainty increases if the SED is
not well fit by a limited number of models, giving a wider range of
calculated stellar masses for our library of star formation histories
(see Bundy et al. 2006; Conselice et al. 2007; Bundy et al. 2008).
Moreover, we examine the SEDs for our sources in other
ways, specifically by taking the ratio of the K-band luminosity to
that of the hard band X-ray luminosity to determine the possible
extent of AGN contribution to the optical SED. The K-band rep-
resents, roughly, rest frame R band at z ∼ 1 and rest frame V
band at z ∼ 2. In general one would expect the light to be dom-
inated by the underlying stellar population (rather than AGN) at
these wavebands (see e.g. Mushotzky et al. 2008). Furthermore
Mushotzy et al. (2008) and McKernan (2010) analyse the corre-
lation between infra red light and X-ray hard band luminosity for
samples of low redshift AGN, concluding that there is a very steep
dependence (suggesting AGN contamination on the galaxy SED)
but only for infrared fluxes taken from the very centre of the galax-
ies in question. Since we disregard point sources, selecting only
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Table 1. Data Source Summary
Field Waveband(s) ATot [deg2] Avol.lim. [deg2] Depth M∗Lim [M⊙] z Range
EGS (POWIR + CFHT) BRIJK 1.5200 0.3466 23.0 (AB: K) 1010.5 0.4 - 1.5
GOODS (GNS + ACS) BViZH 0.0120 0.0079 26.5 (AB: H) 1010 1.5 - 3.0
AEGIS-X 0.5-2, 2-10 KeV 0.6419 0.3466 3.8 × 10−16 erg cm−2 s−1 .... 0.4 - 1.5
CDF-N 0.5-2, 2-8 KeV 0.1211 0.0044 2.5 × 10−17 erg cm−2 s−1 .... 1.5 - 3.0
CDF-S 0.5-2, 2-8 KeV 0.1212 0.0035 1.9 × 10−17 erg cm−2 s−1 .... 1.5 - 3.0
Figure 2. Left plot is the GOODS North field; right plot is the GOODS South Field. The black dots indicate the location of M∗ > 1010M⊙ galaxies at
high redshifts (1.5 < z < 3) throughout the entire GOODS field. Small red sqaures depict those high redshift massive galaxies within the GOODS field with
secure X-ray counterparts within a 1.5′′ radius of their positional centre, with hard band X-ray luminosities LX > 1042 erg s−1, which form our high redshift
AGN sample. The large green triangles indicate bright ‘Seyfert’ luminosity AGN with LX > 2.35 × 1043 erg s−1 residing within massive galaxies with
M∗ > 1010.5M⊙, where we are complete for a reduced area of this survey (∼ 1/9 the entire GOODS area). The sqare boxes represent the pointings of the
HST GOODS NICMOS Survey (GNS), and these are colour coded via Chandra depth. The blue boxes have total Chandra completion to a depth of LX >
2.35 × 1043 erg s−1 at z = 3 across their entire area, the cyan boxes have partial completion to this limit, whereas the red boxes are totally insensitive to this
threshold. As such, our volume limited sample is restricted to the blue box regions (where all of our sample of ‘Seyfert’ galaxies reside).
extended galaxy-like objects, we reduce this possible systematic
somewhat. This not withstanding, we run our own analyses of the
ratio between K-band luminosity and X-ray hard band luminosity
to be assured of the reliability of our stellar mass estimates. If this
ratio is very low, it might imply that the source has an SED which
is dominated by the AGN, leading to an overestimate of the stellar
mass of the host galaxy.
We find that the mean νfν (K band) / νfν (2-10KeV) ratio
is 3.4 (with a median value of 2.9) for our volume limited sample
of ‘Seyfert’ galaxies, suggesting that the majority of light in the
K band is from stellar light, not AGN. For example, for QSOs one
would expect this ratio to be less than 1.5 - 2 (see Green et al. 2009).
The percentage of objects with νfν (K band) / νfν (2-10KeV) <
1.5 is less than 15%, and for all other objects the light in the K-
band must be dominated by stellar light, minimising any contribu-
tive uncertainty from the AGN in the stellar mass determination.
A frequency histogram of the νfν (K band) / νfν (2-10KeV) ra-
tio is presented in Fig. 3. As mentioned before, and as described
in Bundy et al. (2008), we do not find within the stellar mass fits a
population of galaxies which are not well fit by the stellar popula-
tion synthesis models which we use. As described in Bundy et al.
(2008), when examining the minimum χ2 for these fits, the galax-
ies with AGN have a slightly higher value than those which are not,
yet the fraction with χ2 > 10 is only 10%. Furthermore, there is no
correlation between the χ2 value and the luminosity of the X-ray
AGN (Bundy et al. 2008), a further indication that the light from
these galaxies is not dominated by the non-thermal AGN compo-
nent.
Taken in aggregate, the fact that we discard point sources, se-
lect objects to be galaxy like in terms of colour, fit SEDs with low
χ2 values to all our galaxies, observe a mean νfν (K band) / νfν
(2-10KeV) ratio of 3.4 (implying that less than 1/3 of the K band
light can be from the AGN on average, assuming a globally flat
spectrum), and have good agreement between our photometric red-
shifts and the spectroscopically confirmed redshifts in our sample
(see Bundy et al. 2008, and §3.2) gives us high confidence in cal-
culating stellar masses for our sample of active galaxies, at z < 1.5
at least.
At z > 1.5 we still select galaxies to be extended sources with
galaxy like colours, and note that all are fit well by star forma-
tion history SEDs with low χ2 to the data. Nevertheless, we have
no spectroscopically confirmed redshifts at z > 1.5 within our X-
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Figure 3. Frequency histogram of the ratio of K band flux to X-ray hard
band flux for our volume limited sample of active galaxies. The higher the
value of this ratio, the less affected our measure of stellar mass will be by
contamination of light from the AGN. The mean value for galaxies in our
sample is 3.4 (median 2.9), implying that less than a 1/3 of the light in
the K band will have been contributed from the AGN on average across
our sample (assuming a globally flat spectrum). Therefore, the majority of
the light emitted will be from the host galaxy within this frequency range.
Nevertheless, there remains a fraction of∼ 15% of AGN with νfν (K band)
/ νfν (2-10KeV) < 1.5 where significant infiltration of AGN light on the
galaxy SED is possible. The implications of which are discussed in §3.1.
ray selected volume limited sample, so we cannot compare these
with our photometric redshifts directly. However, previous stud-
ies comparing spectroscopic and photometric redshifts at high z
find that there is a probable systematic offset whereby photometric
redshifts underestimate the true spectroscopic redshifts (see Bundy
et al. 2008, Aird et al. 2009, and §3.2 for a thorough discussion).
Therefore, the stellar masses in our highest redshift bin must be
taken with more caution, with X-ray luminosities systematically
lowered due to this effect.
However, we find that the mean hard band X-ray luminosity of
our volume limited sample of massive galaxies rises with redshift,
an effect in opposition to the systematic lowering of photometric
redshifts for high redshift AGN host galaxies (discussed in more
detail in §3.2 below), which leads to general confidence in the trend
of our results despite this possible bias. Furthermore, our computed
X-ray luminosities will be minima for this regime (due to the sys-
tematic underestimation of the redshifts of the sources), and in the
later discussions in this paper we consider them as such, comput-
ing further minimum and maximum quantities, such as the mean
maximum lifetime of AGN in our sample. We turn to sources of
systematic error on photometric redshifts and hence stellar masses
and X-ray luminosities in the next section.
From our discussion above it is evident that there is, how-
ever, a population of galaxies for which AGN contamination in the
SED of the galaxy could lead to a systematic overestimation of the
galaxy’s stellar mass. This effect is in opposition to the systematic
underestimation of stellar masses and X-ray luminosities for AGN
at high redshifts, due to underestimating photometric redshifts (dis-
cussed briefly above, and in more detail in §3.2 below). To model
this first effect, we restrict our sample to those active galaxies with
νfν (K band) / νfν (2-10KeV) > 1.5 and note that this leads to
no significant deviation in the mean stellar masses of host galax-
ies calculated (to within 1 σ) and thus no significant departure for
the latter derived quantities under discussion in this paper. Thus,
the dominant bias in our results must be in underestimating stellar
masses and X-ray luminosities due to our photometric redshift es-
timates being systematically lowered for AGN at high redshifts. It
is to this effect we turn to in the next section.
3.2 Photometric Redshifts of X-ray Sources: Systematics
One of the major issues with measuring photometric redshifts for
X-ray sources is that these X-ray sources could have SEDs which
are contaminated by the AGN, producing inaccurate photometric
redshifts. For our lower redshift data in the EGS field this has been
extensively investigated by Bundy et al. (2008), who find a δz =
dz/(1+z) ∼ 0.11 for the whole sample of X-ray selected galaxies,
and no evidence of additional systematic offsets out to z ∼ 1. At
higher redshifts than this, Bundy et al. (2008) note that there is a
systematic offset whereby photometric redshifts underestimate the
true spectroscopic redshifts for X-ray luminous AGN. This effect
is most prominent for QSO luminosity sources with LX > 1044
erg s−1, which are predominantly excluded from our sample due
to selecting against point sources, and objects without galaxy like
colours. In fact less than 10 % of our sample of AGN are in this
luminosity regime and none are point-like. However, as seen by
Bundy et al. (2008), there is still an observed modest systematic
offset for ‘Seyfert’ type AGN with LX > 1043 erg s−1 at z > 1 in
the EGS field. In fact ∼ 15 % of these sources at 1 < z < 1.5 lie
outside the spectroscopic - photometric redshift dispersion of δz ∼
0.11.
For our high redshift data in the GOODS-N/S fields at 2< z <
3 the effects of this systematic trend in photometric redshifts under-
estimating the actual spectroscopic redshifts for AGN is potentially
much more significant. Aird et al. (2009) investigate the reliability
of photometric redshifts for AGN in the GOODS fields finding that
there is accord between spectroscopic and photometric redshifts out
to z ∼ 1.2 for their sample, in agreement with Bundy et al. (2008).
At redshifts higher than this they describe a systematic tendency
for the photometric redshifts to be too low in value, which leads
to a catastrophic failure in the photometric redshift codes for these
objects. None the less, Aird et al. (2009) also note that the worst af-
fected photometric redshifts are for QSO sources with LX > 1044
erg s−1, of which we only have a few in our sample. With these
X-ray luminous sources removed, they find a δz = dz/(1+z) ∼ 0.13
for the remaining galaxies. However, there remains a small system-
atic bias, leading to an underestimation of the redshifts of lower
luminosity AGN at z = 2 - 3.
We investigate this issue with Monte-Carlo simulations of how
uncertainties in photometric redshifts lead to uncertainties in our
results. In our random (Gaussian) error analyses we assume a δz
= dz/(1+z) ∼ 0.2 for all of our redshifts which is higher than that
found by both Aird et al. (2009) and Bundy et al.(2008). Since there
are no outliers in the spec-z - photo-z plane (with δz > 0.2) for
AGN in our sample at z < 1, we have high confidence in our X-
ray luminosities and stellar mass estimates in this redshift range,
to within the random error margins intrinsic to calculating stellar
masses and luminosities, as plotted in the latter figures of this pa-
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per. We ran a standard symmetric random Monte-Carlo simulation
to deduce the errors of stellar masses, X-ray luminosities and Ed-
dington masses arising from random errors of δz = 0.2 on the photo-
metric redshifts. These are incorporated into our confidence claims.
In our intermediate (1 < z < 1.5) and higher (1.5 < z < 3)
redshift ranges we minimise systematic effects by actively select-
ing against QSOs, but acknowledge that some bright point sources
probably still remain to some level. It is pertinent here to note that
these additional errors are in one direction only, i.e. they systemati-
cally lower our photometric redshift from its true value. This, there-
fore, gives us a minimum redshift and, hence, a minimum X-ray
luminosity for our higher redshift AGN, leading to a minimum es-
timate of the Eddington limiting mass. Additionally this effect will
systematically lower the stellar masses of the host galaxies mea-
sured, leading to us effectively deducing a minimum stellar mass
of very high redshift and X-ray luminous host galaxies. Since much
of the analyses of this paper concern maxima and minima values of
quantities such as the lifetime of AGN, the luminosity density due
to AGN, and the fraction of active galaxies, we can proceed ade-
quately with this limitation. Moreover, perhaps one of the most sig-
nificant trends we observe in this paper is a modest rise in average
X-ray luminosity (and, hence, Eddington limiting mass) with red-
shift. This trend is in the opposite direction to the systematic bias
lowering our photometric redshifts, and thus X-ray luminosities, so
we retain confidence in this result despite the possible systematics.
This notwithstanding, we ran a further set of Monte-Carlo
simulations to investigate possible asymmetric effects of this sys-
tematic bias on the measures of stellar masses, X-ray luminosi-
ties and the Eddington limiting masses of SMBHs in our sample.
As discussed above, no biases are expected for the lowest redshift
bin (z < 1), and all random errors quoted can be considered free
from systematic additions here. For the two higher redshift ranges
we consider systematic deviations to lower redshifts. For the in-
termediate redshift range we consider the spec-z - photo-z plot in
Bundy et al. (2008), noting that ∼ 15 % of active galaxies have
their photometric redshifts systematically lower than their actual
spectroscopic redshifts. We allowed 15 % of our sources to experi-
ence a random systematic shift to higher redshift up to the limit of
the outliers in this redshift range, assuming a Gaussian distribution
of outliers between the limit of δz = 0.2 and the maximum out-
liers location. From this Monte-Carlo analysis we recompute stel-
lar masses, X-ray luminosities and (minimum) Eddington masses
for the SMBHs and host galaxies in our sample finding that there is
a systematic bias to lower photo-z’s of δz = 0.09 leading to a sys-
tematic lowering of stellar masses of 0.14 dex, subdominant to the
random errors (estimated conservatively to be +/- 0.3 dex in Bundy
et al. 2008 and Conselice et al. 2010 in prep.).
For our highest redshift range we have no spectroscopically
confirmed redshifts within our volume limited sample. Nonethe-
less, we have analysed those active galaxies within the redshift
range with spectroscopic redshifts that lie outside the volume lim-
ited sample and find no significant offset between their photometric
and spectroscopic redshifts. This was done for a very small sample,
however, and we defer to the more comprehensive test of this bias
in Aird et al. (2009). Aird et al. (2009) find that at z > 1.2 there
is a significant systematic lowering of photometric redshifts com-
pared to spectroscopically confirmed ones. We model this effect
by allowing all sources in our volume limited sample at this high
redshift range to be randomly distributed between the limit zspec =
zphot to the location of the lowest outlier. This leads to a systematic
lowering of photo-z’s of δz = 0.28 leading to a systematic shift in
stellar mass of δM∗ = - 0.38 dex (downwards). Here the systematic
effect of miscalculating photometric redshifts to be lower than their
actual values for AGN at high redshifts comes to dominate over the
random errors inherent in measuring photometric stellar masses for
high redshift galaxies.
In all of the redshift ranges the errors deduced from ran-
dom and systematic error analysis through Monte-Carlo simula-
tion come to dominate for the X-ray luminosities and Eddington
masses, over the intrinsic errors in their fluxes. This is to say that
the errors on photometric redshifts are always more significant than
those on the fluxes for our sources. The errors in photometric red-
shifts and stellar masses, deduced from a combination of random
and asymmetric Monte-Carlo simulations (described above), lead
to errors in the Eddington limiting black hole mass which range
from: +/ − 2 × 106M⊙ at z = 0.4 − 1, +3.2 − 3 × 106M⊙ at
z = 1− 1.5 and +6− 4× 106M⊙ at z = 1.5− 3. The Eddington
mass is a lower limit to the mass of the SMBH, given its bolo-
metric luminosity. To compute this we use a bolometric luminosity
chosen to be a minimum from the literature and our own analyses
(see §4.2), thus ensuring that our measured Eddington masses are
indeed minimum masses.
3.3 Completeness
In order to probe possible trends of SMBH evolution with red-
shift we must be extremely careful to be complete in both X-
ray luminosity for the AGN, and stellar mass of the host galaxy,
within whatever redshift range and survey area we choose to in-
vestigate. Thus, it is essential to obtain an optimal compromise be-
tween depth, area, stellar mass and X-ray luminosity threshold. In
this study we are complete to LX > 2.35 × 1043 erg s−1, and
M∗ > 10
10.5M⊙, for the reduced area of the EGS and GNS fields
we restrict our redshift analysis to. Thus we effectively probe high
redshift counterparts to local Universe ‘Seyfert’ luminosity AGN
in average massive elliptical galaxies. The higher mass galaxies
probed in our sample may also be progenitors for brightest clus-
ter galaxies (BCGs) in the local Universe. The areas to which we
acheive completion are approximately 1/2 of the AEGIS-X field
(1/4 of the total EGS POWIR field) and 2/3 of the GNS field (1/9
of the total GOODS ACS North and South fields), corresponding
to the regions where the Chandra X-ray data is deepest, and the off
axis angle of the Chandra pointings are minimised (see Table 1, and
Figs. 1 and 2). We also may miss active galaxies due to their accre-
tion discs having torus opening angles oriented so that light must
travel through the Compton thick accretion disc to reach us. In part
this is reduced by us using exclusively the hard Chandra bands in
our analysis where we will be least sensitive to this obscuration,
however, it is likely that some active galaxies will be missed due
to this effect. In fact, as seen by Ueda et al. (2003) and Steffen et
al. (2003), there are relatively few Compton thick souces detected
in the local Universe, even when probed with energies up to∼ 200
KeV. Thus, for this and other reasons (including our use of a min-
imum bolometric correction, see §4.2) our measures of the total
active fraction of massive galaxies, and our estimates of the energy
output due to AGN must be considered as lower limits, as discussed
in the later sections of this paper.
In probing the possible evolution in the MBH −M∗ relation-
ship at higher redshifts we have been careful to achieve an optimal
compromise between minimising various biases, and performing a
detailed error analysis of those remaining. The lower the luminos-
ity cut we utilise for our volume limited sample the smaller the area
that the X-ray surveys are complete to. Additionally, the brighter
the X-ray sources, the higher the contamination of optical light will
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be on the SED of the galaxy from the AGN and the greater the sys-
tematic lowering of the photometric redshifts, leading to less robust
stellar mass estimates of the host galaxy (c.f. §3.1 - §3.2). Taking
both of these issues seriously, we have found a suitable compro-
mise. We probe a range of X-ray luminosities for which we are
complete out to z ∼ 3 for a significant fraction of the area of the
two main surveys we investigate (EGS and GNS) whilst still being
populated by AGN with low (on average < 1/3) stellar mass con-
tamination from the AGN. Additionally, there remain reasonably
small biases due to the systematic offset of photometric redshifts,
which we model and factor into our error calculations. As such,
we select bright (non-QSO) ‘Seyfert’ galaxies with LX > 2.35 ×
1043 erg s−1 and in practice LX < 5 × 1044 erg s−1 for our vol-
ume limited sample. Within this order of magnitude range in X-ray
luminosities we are complete in X-ray sources out to z ∼ 3 and
furthermore have strong estimates of host galaxy stellar masses,
which will not be dominated by contamination from the AGN, or
unreasonably disturbed by the systematics involved in measuring
photometric redshifts for high redshift AGN. The remaining ran-
dom and systematic errors and biases are modelled through Monte-
Carlo simulations (see §3.2) and factored into our plots and confi-
dence calculations on our claims.
4 METHOD
4.1 Detecting AGN
The purpose of this paper is to explore the co-evolution of super-
massive black holes and their host galaxies for a statistically signif-
icant number of AGN out to very high redshifts (z∼ 3). In order to
acheive this we have combined two large galaxy catalogs (see §2.1):
the POWIR survey in the EGS field which amasses over 20,000
galaxies at intermediate redshifts (0.4 < z < 1.5); and the GNS
which images over 8,000 galaxies as part of an ultra-deep ‘pen-
cil beam’ high redshift (1.5 < z < 3) galaxy survey. We combine
these galaxy surveys with the deepest available X-ray data from the
Chandra X-ray Observatory overlapping these original galaxy sur-
vey fields. We select AGN in this study on the basis of high X-ray
fluxes. For all detections we use the same two criteria for determin-
ing whether or not a given galaxy has an active SMBH at its centre.
A given galaxy is deemed ‘active’ if:
(i) There is a unique Chandra X-ray detection within a 1.5 arcsec
radius of the NIR positional centre of the galaxy.
(ii) The hard band X-ray luminosity is LX > 1042 erg s−1.
This ensures that it is most likely that the X-ray source is as-
sociated with the host galaxy, and that the X-ray activity is most
probably the result of accretion onto a central SMBH, as opposed
to being due to stellar formation. Typical X-ray luminosities for
massive galaxies without AGN vary widely due to differing star
formation rates, but even those with very high star formation rates
are expected to have LX < 1042 erg s−1, with avergae non-AGN
massive galaxies having LX << 1042 erg s−1 (see e.g. Reddy et
al. 2005). Galaxies in both the EGS and GNS fields are selected to
be galaxy-like in terms of their colours, and to be extended sources.
This effectively selects against QSOs where stellar mass estimates
would be significantly compromised by the AGN, leaving us with
a sample of (sub-QSO) active galaxies, for which we can estimate
stellar masses. With this criteria we identify a total of 436 AGN
from the EGS field and 72 AGN from the GOODS North and South
fields, giving in total 508 AGN with photometric and spectroscopic
redshifts in the range 0.4 < z < 6. This is our large sample, and
suffers from not being volume limited. Thus, we cannot use this
sample directly to probe evolutionary traits. However, this sample
can be used to investigate intrinsic AGN properties.
In order to study any possible evolution in SMBH mass or lu-
minosity with redshift it is important to construct a volume limited
sample, where selection effects are adequately addressed. Out to z
= 3 for the GNS and z = 1.5 for the EGS, we are complete for the
entire areas of our surveys (EGS and GNS) down to galaxy stellar
masses of M∗ = 1010.5 M⊙, and complete down to specific X-ray
luminosities of LX > 2.35 × 1043 erg s−1 for approximately 1/4
of the EGS area (1/2 of the AEGIS-X area) and 2/3 of the GNS
area (1/6 of the total GOODS area). The redshift limits are due to
the constraints on the depths of both the NIR galaxy surveys and
Chandra X-ray surveys used (see §2.1 and §2.4 for further details),
and our desire to construct a sample where we are 100 % complete
(to at least 5 σ).
In addition to the criteria for selecting an ‘active’ galaxy
(above) we impose the following criteria to select our subset vol-
ume limited sample of principally ‘Seyfert’ luminosity AGN:
(i) The hard band X-ray luminosity is LX > 2.35 × 1043 erg
s−1.
(ii) The stellar mass of the host galaxy is M∗ > 1010.5 M⊙.
(iii) The redshifts of active galaxies are at 0.4< z< 1.5 for EGS
sources and 1.5 < z < 3 for GNS sources.
(iv) The active galaxy lies within the area of the survey to which
the above limits on stellar mass and X-ray luminosity lead to 100%
completion (at 5σ), to z = 1.5 for the EGS and z = 3 for the GNS.
We use this subset to investigate the evolution of AGN over cosmic
time. Since we discard point sources, and objects without galaxy
like colours, we in principle select against QSO’s (thus ensuring we
have high confidence in our stellar mass determinations, see §3.1
and §3.2 for further discussion on this point) and are left with X-ray
bright sub-QSO AGN (where we acheive source completion) which
we henceforth describe as being ‘Seyferts’, due to their comparable
X-ray luminosities.
Fig. 4 illustrates the redshift, luminosity and host galaxy mass
cuts we have made to construct a volume limited sample from our
larger AGN sample. Red points are those discarded due to our red-
shift limits, blue points are those discarded due to our luminosity
threshold, green points are those discarded due to the host galaxy
stellar mass cuts, magenta points are discarded for lying outside of
our completion area, and black points are those included in our vol-
ume limited sample. This leaves 85 ‘Seyfert’ galaxies with which
we probe the co-evolution of SMBHs and their host galaxies at z
< 3. A table displaying the co-ordinates and other derived quanti-
ties (such and stellar mass of host galaxy and Eddington mass of
SMBH) for our volume limited sample is provided in Table A1 in
§A.
4.2 X-ray and Bolometric Luminosities
In order to calculate the bolometric luminosity we must first com-
pute the specific X-ray luminosity in the waveband used. Through-
out these calculations we use the hard band flux, because it is much
less affected by accretion disc and galactic absorption and obscu-
ration than the soft band. In fact the X-ray hard band corresponds
to a rest frame X-ray band of roughly 4 - 20 KeV at z ∼ 1, and 6 -
30 KeV at z ∼ 2. Furthermore, star formation makes a larger con-
tribution to the soft band than to the hard band, rendering the latter
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preferable to use in probing high-z AGN. The specific luminosity




where DL is the luminosity distance, derived for a flat spacetime
λCDM cosmology,fX is the flux of the source, and z is the redshift
of the AGN. The K correction that we apply assumes an intrinsic X-
ray spectrum of the form fν ∝ ν−0.7, as favoured by the literature
(e.g. Alexander et al. 2003). This results in a K correction ∝ (1 +
z)0.3.
The specific X-ray luminosity must then be converted to a total
bolometric luminosity by assuming a spectral energy distribution,
or conversion factor. Since we are interested in computing mini-
mum black hole mass estimates from the Eddington limit method,
we should also be careful to apply a minimum bolometric cor-
rection. In the literature (e.g. Elvis et al. 1994, Elvis et al. 2002,
Hopkins, Richards & Hernquist 2007, Vasudevan & Fabian 2007
and 2009) it is established that there is a broad range of possible
bolometric corrections, ranging from∼ 15 to 200 or so appropriate
generally for AGN. By selecting the extreme low end of the distri-
bution of bolometric corrections computed across the literature, we
effectively choose a minimum bolometric correction, which will
give rise to a minimum SMBH mass through the Eddington limit
method. As such, we provide a robust lower limit for the masses of
a sample of SMBHs by adopting the minimum bolometric correc-
tion factor of 15 in all cases.
4.3 Eddington Accretion
In order to determine minimum SMBH mass estimates from our
minimum bolometric luminosities we adopt an Eddington limiting
method. We follow an approach outlined in detail, for example, in
Krolik (1999) and references therein. By setting the outward radia-
tive force equal to the inward force of gravity, we obtain a theoret-
ical minimum mass given the assumption of spherical accretion of








Where σT is the Thompson cross section of an electron and µe is
the mass per unit electron. By substituting the observed bolometric
luminosity into this above equation and rearranging we obtain an








The actual mass of the SMBH will be related to the Eddington min-
imum mass via a simple relation:
MBH = ME/µ (4)
where
µ = LBol/LEdd (5)
This is such that the Eddington mass (which can be computed di-
rectly from the bolometric luminosity) is equal to µMBH , where µ
is effectively the efficiency of the SMBHs accretion: the fraction of
the bolometric luminosity to the Eddington maximum. If µ = 1, the
Figure 4. Hard band luminosity vs. redshift for the 508 AGN detected in
this paper. Red points indicate those AGN excluded from our volume lim-
ited sample due to our redshift cuts, blue points are disregarded due to our
X-ray Luminosity limits, green points are disregarded for some analyses
due to our host galaxy stellar mass cuts, and magenta points are removed
due to lying in areas of the X-ray surveys that are not complete to our lumi-
nosity threshold. The remaining black points constitute our volume limited
sample of 85 AGN with LX > 2.35 × 1043 erg s−1, M∗ > 1010.5 M⊙
at 0.4 < z < 1.5 & 2 < z < 3, within the most sensitive regions of the
Chandra surveys.
SMBH is at the limit at which it can hold onto its accretion disc.
If, for example, µ = 0.1, this implies that the SMBH is radiating at
10% of its Eddington limit. In the local Universe the average value
of µ is found to be between 0.01 and 0.05 (e.g. Marconi et al. 2004).








Where η is the efficiency of mass transfer into electromagnetic ra-
diation. If η = 1, there is 100% transfer of mass into radiation. The
parameter η is restricted in value via theoretical arguments, and
may in fact vary from 0.07 - 0.36 (see Thorne 1974), with an ex-
pected mean of η = 0.1 which is not predicted to evolve with red-
shift (Elvis et al. 2002). This has been observationally confirmed in
a variety of studies, including Yu & Tremaine (2002), Elvis et al.
(2002) and Marconi et al. (2004).
In this paper we factor µ out of our mass estimates, plotting
µMBH (= ME) instead, and display the local relation as a function
of µ. We take η = 0.1 at all redshifts in line with the latest local Uni-
verse observations and theoretical arguments (Thorne 1974, Elvis
et al. 2002), but note that this may provide an additional source of
uncertainty in our results if η is permitted to evolve with redshift.
We are now in a position to derive lower bounds on the SMBH
masses (ME = µMBH ) and actual mass accretion rates (M˙ ) for
the 508 AGN we have detected, and utilise the volume limited sam-
ple of 85 ‘Seyfert’ galaxies to probe possible evolution over cosmic
time. In the following section we investigate how these properties
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Table 2. Average Properties of the AGN Samples
Sample NGal < z > < Log(M∗[M⊙]) > < Log(L2−10Kev [ergs−1]) > < Log(MEdd[M⊙]) >
Vol. Lim. (‘Seyftert’) 85 1.239 11.02 43.76 6.755
Total (All AGN) 508 1.343 10.90 43.29 6.285
Figure 5. The active fraction evolution with redshift. Red triangles indi-
cate active fractions calculated directly from our galaxy sample (section
5.1), with blue squares being minimum corrected active fractions taking
into account the maximum amount of time any given galaxy will remain
active (LX > 2.35 × 1043 erg s−1) and the time interval within the red-
shift range probed (see section 5.4.2 for more details). The blue squares are
shifted slightly to the left for clarity. The solid lines indicate a best fit power
law to the data, with exponents of 1.6 +/- 0.3 for the explicit (un-corrected)
active fraction evolution, and 2.5 +/- 0.2 for the corrected active fraction
evolution.
vary as a function of stellar mass of host galaxy, and as a function
of redshift. A table displaying the Eddington masses, X-ray hard
band luminosities, stellar mass of host galaxies, and redshifts of
our volume limited sample is provided in Table A1 in §A. The av-
erage properties of both the full AGN sample, and volume limited
‘seyfert’ sample are given in Table 2.
5 RESULTS
5.1 The Active Fraction
The fraction of a given population of galaxies that are X-ray active
above a certain luminosity threshold can prove an interesting probe
of both galactic evolution and SMBH formation. In this section we
define ‘active’ to be X-ray activity with hard band X-ray luminosi-
ties LX > 2.35 × 1043 erg s−1, where we are complete to z = 3.
We derive the active fraction of massive galaxies by simply com-
puting the fraction of galaxies within the area, redshift, and mass
range of our volume limited sample, from the NIR surveys, that
have X-ray luminosities above this threshold, as seen by matching
to the Chandra surveys. We note here that this will give a sub-QSO
active fraction, since point like sources and sources without galaxy
like colours are removed from our galaxy catalogs prior to match-
ing, allowing us to compute reliable stellar masses and photomet-
ric redshifts (see §2 and §4.1 for further details). The fractions we
compute must be considered as lower limits due to the possibility
of missing active galaxies with torus opening angles that lead to
very high obscuration even in the hard band probed.
At 0.4 < z < 1.0, for galaxies with M∗ > 1010.5M⊙, we
find 23 ‘Seyfert’ galaxies (with LX > 2.35 × 1043 erg s−1) in our
sample. This is out of a total of 1939 detected galaxies in this stellar
mass and redshift range, and within the area covered to completion
by both surveys (see Fig. 1 for clarification). Thus, we find 1.2 +/-
0.2 % of these galaxies to have an active galactic nucleus with LX
> 2.35 × 1043 erg s−1. This is found to evolve with redshift, such
that at 1.0 < z < 1.5 within the same luminosity and mass range
we find a total of 53 Seyfert galaxies out of a total number of 889
detected galaxies in this redshift and stellar mass range, and within
the area covered to completion by both surveys. Thus, we find 6.0
+/- 0.8 % of these galaxies to be active with LX > 2.35× 1043 erg
s−1 at z ∼ 1.25.
For the higher redshift points we use a mix of the Chandra
Deep Field North/ South and GNS, where the Chandra data cov-
ers the totality of the area probed. At 2.5 < z < 3, for M∗ >
1010.5M⊙, we find a total of 9 ‘active’ galaxies, as defined above.
This is out of a total population of 121 galaxies in this redshift and
stellar mass range, and within the area covered to completion in
both surveys (see Fig. 2 for clarification). Therefore, we find an
active fraction of 7.4 +/- 2.0 % in our high redshift sample. Thus,
there is evidence of evolution, whereby the fraction of AGN above
our luminosity threshold is larger at higher redshifts in our sam-
ple. In fact the active (LX > 2.35 × 1043 erg s−1) fraction rises
with a 3 σ significance between the first two redshift bins, with no
significant observed evolution (within the errors) thereafter.
These fractions are considerably lower than the ones deduced
in Yamada et al. (2009) for high mass galaxies (M∗ > 1011 M⊙)
for lower X-ray luminosities. They find 33 % of their high mass
galaxies to have specific X-ray luminosities within the range LX
= 1042 - 1044 erg s−1. It is pertinent to note, however, when com-
paring the results in Yamada et al. (2009) on the active fraction of
massive galaxies to the active fractions presented in this paper, that
we probe a much higher luminosity regime withLX > 2.35× 1043
erg s−1 used as our selection, where we are far more complete in
X-ray sources out to high redshifts. However, our results agree with
the active fraction of comparable mass (M∗ > 1011M⊙) galaxies
at z ∼ 1 of 5 % calculated in Conselice et al. (2007) using similar
X-ray luminosity limits to this paper.
In Fig. 5 we plot the observed active fraction evolution with
redshift, and add to this the true (corrected) active fraction evolu-
tion (calculated in §5.4.2). We note that both the active fraction and
corrected active fraction rise with redshift across all redshift ranges
probed (except possibly in the highest uncorrected redshift bin).
We find a best fit simple power law to the active fraction evolu-
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tion with redshift of f(LX > 2.35 × 1043 erg s−1) = (1.2+/-0.3)(1
+ z)(1.6+/−0.3). But note here that it is not a particularly good fit
to the data, partially as there is an apparent levelling off at high
redshifts.
5.2 SMBH Mass Evolution
5.2.1 The Local MBH −M∗ Relation
As described in the introduction, relations have been found to exist
between the global properties of galaxies and the SMBHs that re-
side within their cores. In particular, Kormendy & Richstone (1995)
find a relation between the luminosity of host galaxies and the mass
of the SMBHs that reside within them. Furthermore, relations have
also been demonstrated to exist between the stellar mass of host
galaxies (or bulge mass for disc galaxies) and the mass of their
central SMBHs. The most recent and accurate of these relations is
found in Haring & Rix (2004) to be:
log(MBH/M⊙) = (8.20 + /− 0.10)
+(1.12 + /− 0.06) × log(M∗/10
11M⊙)
(7)
This approximates closely to M∗/MBH ∼ 1000 for local (z < 0.1)
Universe AGN, which we use frequently throughout this paper as
an approximation (see also Haring & Rix 2004).
The purpose of this section is to test whether or not this local
MBH −M∗ relation holds at higher redshifts. To test this we have
computed Eddington limiting masses for our volume limited sam-
ple of 85 ‘Seyferts’ at z < 3, with reliable stellar mass estimates
from optical + NIR data (see Table A1). We plot the Eddington
limiting (minimum) mass for the SMBH against stellar mass of the
host galaxy in three redshift ranges, 0.4 < z < 1.0, 1.0 < z < 1.5
and 1.5< z< 3.0 (see Fig. 6). The error bars included represent av-
erage composite 1 σ errors on the data, derived from Monte-Carlo
simulations (see §3.2 for details). For the mass points we make no
assumption about the value of the Eddington ratio, µ, but plot as
lines where the local MBH −M∗ relation would lie with varying
values of µ from 0.01 to 1.
5.2.2 Evolution: Assuming a Constant MBH −M∗ with redshift
In this section we follow an approach similar to that of Babic et
al. (2007) who investigate the Eddington ratios of SMBH accretion
discs through assuming a constant MBH −M∗ relationship with
redshift, but expand this from z < 1 to z < 3, increasing the num-
ber of sources studied. Furthermore, by linking AGN to their host
galaxies, we also compute the maximum allowable departure from
the local MBH − M∗ relationship at high redshifts. Within this
subsection we restrict our analyses to the volume limited sample
of ‘Seyfert’ galaxies where we are complete to z = 3, and redshift
selection biases are adequately removed.
In order to interpret our µMBH vs M∗ points in Fig. 6 we
must make assumptions about either the Eddington fraction, µ, or
evolution in the MBH −M∗ relation. As such, mean values of µ
are calculated across our three redshift ranges, from low to high z,
after assuming that the local MBH − M∗ relation is the same at
all redshifts, giving: µ = 0.056 +/- 0.01 at z = 0.4 - 1, µ = 0.087
+/- 0.011 at z = 1 - 1.5, and µ = 0.081 +/- 0.019 at z = 1.5 - 3. In
comparison, Panessa et al. (2006) find that massive galaxies in the
local Universe have a mean value of µ < 0.01 across a wide range
of X-ray luminosities (larger than the range probed in this paper),
and Vasudevan et al. (2009) find a mean value of < µ > = 0.034
at comparable X-ray luminosities to our sample. Furthermore, we
compute an average value for µ for local Universe AGN, within our
X-ray luminosity and stellar mass of host galaxy ranges based on
data from O’Neil et al. (2005), finding < µ > = 0.03 +/- 0.015.
Thus, from an analysis of the mean alone our results suggest
some modest increase in µMBH vs M∗ with redshift. This repre-
sents a 3 σ significant rise in the mean Eddington ratio with redshift
between our first two redshift bins, assuming a constantMBH−M∗
relation at all redshifts, followed by an apparent levelling off from
the intermediate to high redshift bin - where the two highest redshift
bins have < µ > equivalent to within 1 σ. This may be interpreted
as a rise in µ with redshift, requiring no further evolution in the
local MBH −M∗ relation. If this is so, we are witnessing modest
evolution in the Eddington fraction, µ, with redshift from∼ 0.03 in
the local Universe to ∼ 0.09 at z = 1 - 1.5, representing a rise with
significance ∼ 3 σ between z = 0 and z = 1.5 (from Kolmogorov-
Smirnoff, KS, test), with no significant further evolution thereafter
out to z = 3.
5.2.3 Evolution: Assuming Constant µ with Redshift
Conversely, we can investigate the maximum allowed evolution in
the MBH−M∗ relation, assuming no evolution in µ, for our popu-
lation of ‘Seyfert’ galaxies within our volume limited sample. Since
µ is intimately related to the total available fuel for an AGN from
cool gas, it is natural to expect it will rise at higher redshifts. Thus,
a limit can be placed on evolution in the local relation by setting
µ equal to its measured mean value at z = 0.4 - 1 of 0.056, be-
cause at redshifts higher than z = 0.4 - 1, µ is likely > 0.056 due to
there being, on average, more available gas as fuel for the SMBHs.
Therefore, assuming that there is no evolution in µ with redshift
allows us to compute the maximum possible evolution allowable
in MBH − M∗ from our observed evolution in µMBH − M∗.
From this we compute the maximum evolution in the local ratio
M∗/MBH as evolving from 1000 at z = 0 (Haring & Rix 2004) to
700 +/- 100 at z ∼ 1.5, less than a factor of 2. It should be stressed
that this is a maximum possible departure from the local Universe
MBH −M∗ relation at 3 σ confidence to lower values. Some, or
all, of this observed departure from the local MBH −M∗ relation
could in fact be driven by evolution in µ, therefore requiring no
further evolution in the local relationship.
Crucially, evolution such that M∗/MBH > 1000 in the early
Universe is unrestrained in this analysis. We can, however, place
an upper limit on evolution to higher, as well as lower, values of
M∗/MBH by assuming that µ = 1 in the high redshift Universe.
This leads to a maximum positive evolution of approximately a
factor of 11 +/- 1.5 (assuming no super-Eddington accretion), in-
dicating that 700 <M∗/MBH < 11000 at z < 3. The implication
of this is that either SMBHs and their host galaxies grow princi-
pally together, or else there is dramatic evolution in µ and SMBHs
thus grow after their host galaxies are assembled.











Figure 6. The SMBH Eddington limiting (minimum) mass (ME = µMBH ) plotted against stellar mass (M∗) of the host galaxy across three redshift ranges from left to right, 0.4 < z < 1.0, 1.0 < z < 1.5 and 1.5
< z < 3.0. The error bars represent average 1σ errors based on the composite errors in redshift, stellar mass of the host galaxy, and the hard band X-ray flux from Monte-Carlo simulation (see §3.2). We also apply
a minimum bolometric correction to ensure that our Eddington masses are true minimum black hole masses (see §4.2). We plot the X-ray luminosity on the right of each plot for direct comparison to the data. The
solid line is the local relation taken from Haring & Rix (2004), with log(MBH) ∼ log(M∗) − 3. The dashed lines indicate where the local relation would lie for differing values of µ in order to compare our data
without making prior assumptions about the µ value. Magenta circles indicate hard X-ray sources with H > 0.5, cyan triangles indicate relatively soft X-ray sources with H < 0.5 (see §5.5 for definition). The green
boxes indicate objects with spectroscopically confirmed redshifts. The dotted red lines indicate our luminosity and mass cuts for our volume limited sample, where we are complete across all of the redshift bins for
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5.2.4 The High Accretion Fraction
Our mean analysis (above) is somewhat compromised by the fact
that at the lower mass end of the host galaxy mass function only
AGN with high µ values are visible above our luminosity threshold.
This likely drives the apparent flatness of our µMBH vs M∗ plots
compared to the local relation of Haring & Rix (2004) (plotted in
Fig. 6 as a solid line), as galaxies with low stellar masses must have
high values of µ to be visible in the Chandra observations, whereas
this restraint is considerably relaxed for the highest mass galaxies
in our sample.
To get a better handle on this potential source of bias, we com-
pute the fraction of Seyferts with µ > 0.1 (f(µ > 0.1)) in each red-
shift bin, assuming that the local MBH −M∗ relation is valid at all
z. We obtain for ascending z, f(µ > 0.1) = 0.16 +/- 0.03 at z = 0.4 -
1, 0.21 +/- 0.02 at z = 1 - 1.5 and 0.22 +/- 0.07 at z = 1.5 - 3. This
indicates a modest 2 σ significant rise (from a KS test) in the frac-
tion of galaxies with µ > 0.1 between z = 0.4 and z = 1.5, from the
un-binned data. There is then no significant evolution from z = 1 -
1.5 to z = 1.5 - 3. This potential levelling off may be related to the
fact that the total X-ray luminosity from AGN peaks around z ∼ 2
for Seyferts in the Universe (see e.g. Barger et al. 2005, Hasinger et
al. 2005, Aird et al. 2009), implying that there should be a similar
peak in µ around the same redshift, which is consistent with our
results.
In conclusion to this section, our results are consistent with no
evolution in the MBH −M∗ relation with redshift, providing there
is mild and plausible evolution in the Eddington ratio, µ, implying
that SMBHs and host galaxies grow together throughout cosmic
history. Nevertheless, there is a rise in AGN activity represented by
an increase in the mean value of the Eddington ratio, µ, out to z ∼
3, and a rise in the active fraction of galaxies (seen in §5.1) out to z
∼ 3 as well.
5.2.5 Stellar Mass Dependence on µ?
Fig. 7 shows the evolution of µMBH/M∗ with redshift for the
whole sample of 508 detected AGN (left) and the volume limited
sample of 85 ‘Seyferts’ (right). On the left hand plot there is an
apparent evolution in both the mean value of µMBH/M∗ and the
dispersion around the mean. This is largely due to a selection ef-
fect driven by the X-ray luminosity limit of the sample. The right
hand plot does not show this trend to the same extent because it
is volume limited. Nonetheless, there is a tentative rise observed in
the mean µMBH/M∗ value in our volume limited sample from our
low redshift bin (z = 0.4 - 1) to our intermediate redshift bin (z =
1 - 1.5) at ∼ 2 sigma confidence (from KS test), with no signifi-
cant evolution seen thereafter out to the highest redshift range (z =
1.5 - 3). Both plots, however, show a high degree of scatter around
their respective mean values of µMBH/M∗ at all redshifts, which
is most probably a result of there being a large diversity in values
of the Eddington fraction, µ, in high as well as low redshift AGN
(as seen in the local Universe by, e.g., Panessa et al. 2006).
Conversely, if we attempt to fit the volume limited data it be-
comes clear that our results are consistent with no global evolution
in µMBH/M∗, and we can rule out a steep departure from the lo-
cal relation at high redshifts, provided there is no dramatic evolu-
tion in µ in opposition to the evolution of the MBH −M∗ relation.
This seems plausible because the degree of scatter in µMBH/M∗
is roughly equivalent across all redshift ranges (when the number
of points is taken into account), most probably indicative of there
being high variety in µ values even out to high redshifts.
In both plots, however, there is a clear separation to 3 σ con-
fidence (from KS test) between low mass M∗ < 1011M⊙ (red
points) and high mass M∗ > 1011M⊙ (blue points) host galax-
ies. This trend may be largely driven by the fact that low mass host
galaxies must have relatively high values of µ in order to be de-
tected above our luminosity threshold.
To investigate this further we plot µ vs M∗ on the left hand
plot of Fig. 8, assuming here the validity of the local MBH −M∗
relation at all z. The values of µ show a significant decline with
increasing stellar mass of host galaxy. The solid line represents the
luminosity limit in our sample, and the values of µ are calculated
assuming that the local relation holds at all redshifts. Points below
the solid line cannot be seen with our X-ray depth. There does,
none the less, appear to be a slight dearth of points with high µ at
the high stellar mass end. This is most likely partially explained as a
feature caused by the lack of very massive galaxies in our sample at
high redshifts. In this plot we probe the high end of the distribution
in µ and, due to the steepness of the mass function, there are more
galaxies populating the low mass end and, hence, it is natural to
think that they will reach higher values of µ, simply because there
are more of them to randomly populate the plane. Thus, we make
no claims regarding possible Eddington ratio, µ, dependence on the
stellar mass of host galaxy in this paper.
5.3 Accretion Rate - Stellar Mass Dependence
The local MBH − M∗ relation implies that more massive host
galaxies will contain more massive SMBHs in their cores. These
may in turn accrete at higher rates corresponding to larger Edding-
ton limiting luminosities compared to lower mass systems. Thus, it
is natural to expect that there may be a relation between the accre-
tion rate of SMBHs and the mass of their host galaxies. We inves-
tigate this possibility here. Since we witness no strong evolution
in the local MBH − M∗ relation with redshift, with a maximum
departure of less than a factor of two to higher SMBH masses for
their host galaxy’s mass, we investigate the possible dependence
of accretion rate on stellar mass across all of the redshift ranges
probed.
We calculate the accretion rate for our sample of AGN as de-
scribed in §4.3 (eq. 6). Here we assume a mass to radiation con-
version factor of η = 0.1 (as in e.g. Alexander et al. 2008), in line
with common local Universe estimates, theoretical arguments and
global X-ray background measures (see Yu and Tremaine 2002,
Elvis et al. 2002 and Marconi et al. 2004). We acknowledge, how-
ever, that in this part of the analysis our results are subject to some
re-evaluation if the value of η is found to vary with redshift and/or
mass of the SMBH. We plot these values against their host galax-
ies’ stellar masses in Fig. 9. The faint black dots represent the data,
with the average 1 σ error on the points from Monte-Carlo simula-
tions also plotted in black. The blue squares represent the mean of
the data in each redshift range, with the 2 σ error on the mean plot-
ted alongside them. The solid red line indicates the best fit power
law function to the data, with dMBH /dt = 1.8(+/-0.9) × 10−11
M0.9+/−0.3∗ . There is a high degree of dispersion around the best
fit line, and we consequently do not use this fit for any further anal-
ysis. The high scatter in both plots is most likely due to varying
Eddington ratios (µ) at similar host galaxy stellar mass.
Our principal result here is that there is a high degree of scatter
in the M˙ −M∗ plot for all of our detected AGN (left Fig. 9) and
for our volume limited sample (right Fig. 9). This not withstand-
ing, there is some evidence from inspection that the most massive
host galaxies contain SMBHs with higher accretion rates on av-
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Figure 7. The redshift evolution of the ratio of Eddington limiting mass to stellar mass ME/M∗ = µMBH/M∗. Left plot is for all 508 AGN detected and
right plot is for the volume limited sample of 85 ‘Seyferts’. Red triangles indicate low mass (M∗ < 1011 M⊙) host galaxies, with blue squares indicating high
mass (M∗ > 1011 M⊙) host galaxies. The average 1 σ error is plotted in each plot (derived through Monte-Carlo simulation). The solid line represents the
local relation of Haring & Rix (2004), with MBH/M∗ ∼ 0.001. The dashed lines show where the local relation would lie for varying values of µ. Note the
selection effect whereby lower mass galaxies have higher µMBH/M∗ ratios at all redshifts. The mean µMBH/M∗ ratio and dispersion of this also varies
with redshift in the left hand plot due to selection effects, leading to higher values and lower dispersions at high z.
erage. There appears to be a population of very highly accreting
SMBHs present only at the high stellar mass end of the total distri-
bution. This is more or less what one would expect, as in the local
relationship one finds higher mass SMBHs in higher mass galax-
ies and, furthermore, more massive SMBHs may accrete at higher
rates before shutting themselves off. Quantitatively, we find a mod-
est increase in mean accretion rate with mass for the whole sample:
from 0.0054 +/- 0.0005 M⊙ yr−1 for M∗ < 1011 M⊙ to 0.011 +/-
0.0015 M⊙ yr−1 for M∗ > 1011 M⊙. For the volume limited case
we find that the average accretion rate rises from 0.17 +/- 0.02 M⊙
yr−1 for M∗ < 1011 M⊙ to 0.26 +/- 0.06 M⊙ yr−1 for M∗ > 1011
M⊙. From a KS test, the accretion rates of AGN separated via stel-
lar mass, so as to be higher or lower than M∗ = 1011 M⊙, form
distinct populations to a 3 σ confidence level in the total sample,
with a weaker, ∼ 2 σ, confidence for the volume limited sample.
5.4 Global Properties of AGN
5.4.1 AGN Lifetimes
A critical parameter for understanding the evolution of SMBHs is
the timescale for which they accrete matter before shutting off.
Much work has been performed on constraining the lifetimes of
AGN, most commonly for QSOs (e.g. Haehnelt, Natarajan & Rees
1998, Kauffmann & Haehnelt 2000, Yu & Tremaine 2002, McLure
& Dunlop 2004, Martini 2003). These studies find rough accord
with theory in predicting that the lifetime of QSOs are in the range
106 - 109 yrs. The large range in possible values for tQ are indica-
tive of a great deal of uncertainty in the field. This is in part be-
cause robust estimates of the QSO lifetime, tQ, are often dependent
on the Eddington fraction, µ, which to determine directly requires
independent measures of the SMBH mass to the AGN X-ray lumi-
nosity, which frequently proves extremely difficult to achieve for
all but the most local active galaxies.
Measurements of the probable range of lifetimes allowable
from the data for lower luminosity AGN, such as Seyfert galaxies,
have also been estimated. Constraints on these measures give tS ∼
107 - 108 yrs, perhaps shorter than their brighter QSO counterparts.
In this section we aim to expand this prior work on AGN lifetimes
to more modest X-ray luminosities, looking specifically at ‘Seyfert’
luminosity galaxies over a wide range of redshifts. Furthermore, we
propose a novel technique for placing an upper limit on the lifetime
of AGN by utilising the local MBH −M∗ relation, and assuming
that no galaxy can end up lying above the local relation by z = 0.
From the accretion rate and measured value of µMBH for
each SMBH we calculate the maximum time (τmax) that a SMBH
can remain accreting at its current rate before it lies above the local
relation, by assuming that it is accreting with an Eddington frac-
tion µ = 1. Values of µ less than this will lead to shorter timescales
as this will imply that the actual SMBH mass is closer to the lo-
cal limit. Further, we also assume that any increase in mass of
the host galaxy (i.e. through major mergers) will result in propor-
tional growth of the central SMBH through corresponding black
hole merging. Thus we can write for the maximum time:
τmax =















− 3.75 × 107yrs (9)
Where M˙ is the accretion rate of the SMBH, MBH (z=0) ≈ M∗ /
1000 (from the local MBH −M∗ relation of Haring & Rix 2004),
which is the SMBH’s expected mass from the value of its host
galaxy’s mass at z = 0, MBH (z=z’) is the measured minimum
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Figure 8. Plots of SMBH efficiency µ (left) and maximum time to reach local relation τmax (right) as a function of the stellar mass of host galaxy, for our
volume limited sample of 85 ‘Seyfert’ galaxies. µ is calculated assuming the local MBH −M∗ relation does not evolve with redshift. τmax is computed
by taking µ = 1, thus assuming Eddington accretion, as lower values of µ will lead to lower values of τ . The solid line in both plots indicates the luminosity
threshold of our volume limited sample. Differing colour and shape points indicate the different redshift ranges being considered, as stated on the plots. In
both plots the black error bars represent average 1 σ errors on the individual data points.
Figure 9. On the left is the accretion rate (dMBH/dt = LBol/ηc2) plotted against stellar mass of host galaxy for all of our detected 508 AGN. We use η =
0.1 for all points here to be in line with local Universe values. On the right is the accretion rate (dMBH/dt) plotted against stellar mass of host galaxy for our
volume limited sample of 85 ‘Seyfert’ galaxies. Blue squares represent the mean value of the accretion rate in each redshift range, with 2 σ errors on the mean
plotted alongside them. The black error bars in both plots represent the average 1 σ errors on the individual data points. The solid red line is a best fit line to
the data with dMBH /dt = 1.8(+/-0.9) × 10−11 M0.9+/−0.3∗ . Note that very highly accreting AGN are only found at the high stellar mass end in both plots.
black hole mass at each redshift (z’) where µ = 1, M∗ is the stellar
mass of the host galaxy, and ME is the Eddington minimum mass.
Since ME and M˙ are both proportional to the total bolometric lu-
minosity of the AGN, LBol, the ratio ME/M˙ is a constant. This
constant represents the minimum correction to the lifetime of AGN
considering the SMBH’s current minimum mass and actual accre-
tion rate. Effectively, the ratio ME/M˙ is the minimum physically
allowable time to construct a black hole of a given mass. It is a con-
stant because higher accretion rates would lead to lower timescales,
but higher accretion rates also imply a higher minimum Eddington
mass which would require a proportionally longer time to form.
The combination of this is that the correction factor is constant.
c© 0000 RAS, MNRAS 000, 000–000
SMBH - Galaxy Co-Evolution 17
τmax indicates the maximum amount of time that any given
AGN can maintain its current level of accretion, at its current X-ray
luminosity. This quantity is plotted against stellar mass on the right
of Fig. 8. One interesting thing to note is that there are some AGN
which may continue accreting for a maximum of only a few 100’s
of Myr at their current rate, with an average maximum lifetime of∼
0.9 +/- 0.1 Gyr in each redshift range. This value of τmax implies
that tAGN < 109 yr for most systems, which agrees favourably
with previous independent measures (using differing techniques),
and theoretical expectation (see e.g. McLure & Dunlop 2004 and
Martini 2003 for a comprehensive review of previous work in the
field). Moreover, we can use information about τmax to determine
the minimum fraction of galaxies that are likely to accrete above
our luminosity threshold throughout the time elapsed in the redshift
range probed. This will provide a corrected minimum active galaxy
fraction within each redshift range.
5.4.2 Corrected Active Fraction
If we assume the cosmological principle and conclude that a snap-
shot of, for example, Fig. 6 were taken in a few hundred Myrs
time it would look primarily unchanged, then, from the maximum
timescales τmax, we must also conclude that many of the galax-
ies on the plot will no longer be visible as they must have ceased
accreting at that rate so as to not end up higher than the local
MBH −M∗ relation. Therefore, we deduce the minimum fraction
of galaxies that will at some point be visible above our luminosity
limit (LX > 2.35 × 1043 erg s−1) within the time allotted by a
specific redshift range. This is a minimum value because we likely
miss some active galaxies within our luminosity range due to very
high obscuration along the line of sight for some galaxies as a re-
sult of torus opening angles aligned perpendicular to us, and further
because we apply the inverse of the maximum lifetime of AGN as
calculated in the previous section as a correction factor. We shall






Where fobs is the observed AGN fraction as defined in §5.1, <
τmax > is the average value of τmax (defined above) in the red-
shift range being considered, and tz is the age of the Universe at
redshift z, such that tz2 − tz1 is the time interval between redshifts
z1 and z2.
The total fraction of galaxies expected to have X-ray lumi-
nosities above our threshold, therefore, varies with redshift range:
At 0.4 < z < 1.0 it is 4.0 +/- 0.8 %, at 1.0 < z < 1.5 it is 9.6 +/- 1.3
% and at 1.5 < z < 3.0 it is 23.3 +/- 2.2 %. These values may be
taken as estimates of the total fraction of massive galaxies expected
to reach bright (LX > 2.35 × 1043 erg s−1) Seyfert level X-ray lu-
minosities in each of the given redshift ranges for massive galaxies,
with M∗ > 1010.5 M⊙. Naturally, these values are in general higher
than the direct measures of AGN fractions calculated in §5.1, be-
cause the maximum timescales are shorter than the length of time
between the redshift limits of each bin. However, both measures of
AGN fraction rise with redshift out to z∼ 3.
This corrected fraction is plotted in Fig. 3 alongside the un-
corrected AGN fraction evolution. The solid blue line represents
the best simple power law fit to the data. Explicitly this fit is: f(LX
> 2.35 × 1043 erg s−1) = (1.16+/-0.4)(1 + z)2.5+/−0.2.
5.4.3 The Total Number of Active Galaxies since z = 3
A question that has remained contentious, despite several conjec-
tures and studies, is how many galaxies undergo an active phase in
their development over the age of the Universe? It is clear that this
question will depend on several factors, including the luminosity
threshold at which one chooses to define a galaxy as being ‘ac-
tive’, the lifetime of AGN within this range, the stellar mass range
of host galaxies considered, perhaps the environment in which the
host galaxy resides, as well as numerous other (frequently ill de-
fined) issues. We are in a position to place a minimum constraint
on this question for M∗ > 1010.5M⊙ galaxies (from the volume
limited subset of the GNS and POWIR NIR surveys), and a defini-
tion of active as LX > 2.35 × 1043 erg s−1 (from matching with
the deepest available chandra X-ray data), since z = 3, utilising the
maximum lifetimes and apparent active fraction evolution defined
and calculated in previous sections (§5.1 and §5.4.1). This study
will provide new limits on the total active fraction out to high red-
shifts, for ‘Seyfert’ luminosity AGN in massive galaxies.
From our calculations of the average maximum lifetime of an
AGN in our sample, and our fitting of the active fraction evolution,
we calculate the fraction of M∗ > 1010.5M⊙ galaxies that will
be AGN (with LX > 2.35 × 1043 erg s−1) since z = 3. We define
the parameter, ΓAGN , in analogy to the characteristic time between
galaxy mergers (discussed in Bluck et al. 2009, Conselice, Yang &





where, fAGN is the observed fraction of AGN at redshift z
(fAGN = 1.2(1 + z)1.6 from section 4.1), and < τmax > ∼
0.9 Gyr is the mean maximum lifetime of AGN over all of the red-
shifts being considered (i.e. z = 0 - 3), and we find no evidence of
evolution of τmax with redshift. Thus, ΓAGN must be interpreted
as a maximum, with its inverse a minimum AGN rate. This is be-
cause the apparent active fraction is a minimum and the computed
mean lifetime is a maximum. The significance of this parameter
only becomes apparent (unlike Γ for mergers) when we consider
the time integral of its inverse. Here, the minimum total fraction of
AGN (FAGN ) which will accrete with LX greater than some limit













where ΓAGN (z) is defined above, tH is the Hubble time, and
E(z) = [ΩM (1 + z)
3 + Ωk(1 + z)
2 + ΩΛ]
1/2 = H−1(z). Cal-
culating this function from z = 0 to z = 3, utilising the power law
parameterisation fAGN = 1.2(1 + z)1.4 and taking < τmax > =
0.9 Gyr (see §5.4.1), we find that FAGN (z < 3) = 0.41 +/- 0.06,
implying that at least ∼ 40% of all M∗ > 1010.5M⊙ galaxies will
have been AGN, accreting with hard band X-ray luminosities LX
> 2.35 × 1043 erg s−1, over the past ∼ 11.5 Gyrs (since z = 3).
We note again here that this value is a minimum, and the liklihood
is that the true fraction will be higher, perhaps much higher. How-
ever, this provides a lower limit to the fraction of massive galaxies
which will have undergone an active phase (at bright ‘Seyfert’ X-
ray luminosities) since z = 3, and can be used to compute further
results.
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5.4.4 The Energy Output of Active Galaxies since z = 3
When considering the role of AGN in galaxy formation and evo-
lution, a crucial quantity to know is the total energy released by
AGN over their lifetimes. This quantity will impact on the feed-
back mechanisms involved in the co-evolution of SMBHs and their
host galaxies, as well as contributing to our understanding of the
X-ray background of the Universe. Almost all previous studies of
this quantity have involved probing the evolution of the X-ray lu-
minosity function (XLF) with redshift (e.g. Hasinger et al. 2005,
Barger et al. 2005), or equivalently studying the comoving space
density evolution of active galaxies with redshift (e.g. Ueda et al.
2003). These studies agree that there is a steep rise in the comoving
X-ray luminosity density in the Universe with redshift out to z ∼
1.5, with a less steep decline thereafter. This compares well with
our results in §5.2, where we note a rise in µMBH (∝ LX ) with
redshift out to z ∼ 1.5, with a possible flattening off thereafter.
In this section we compute the energy output due to sub-QSO
AGN per massive (M∗ > 1010.5 M⊙) galaxy in the Universe, by
combining the maximum lifetimes of our sample of AGN, the min-
imum total active fraction of massive galaxies since z = 3, and the
mean minimum bolometric luminosity of our AGN. Therefore, we
can compute the energy released from AGN per massive galaxy as:
EAGN = FAGN× < LBol > × < τmax > (13)
where FAGN is the minimum total fraction of galaxies that will be
active, with LX > 2.35 × 1043 erg s−1, since z = 3, < LBol > is
the mean minimum bolometric luminosity of our sample of AGN,
and < τmax > is the mean maximum lifetime of our sample
of AGN, which is ∼ 0.9 Gyr. Since the term FAGN contains a
< τmax >
−1 term, the < τmax > terms in EAGN cancel, yielding
an estimate of the true total energy output due to AGN per mas-
sive galaxy in the Universe per mean bolometric luminosity. Thus,
our value for EAGN is a lower limit to the total energy output due
to AGN in massive galaxies, since we use a minimum bolometric
correction. Furthermore, this must still be considered a minimum
even if we were to use actual bolometric corrections as it does not
take into account energy absorbed through Compton thick accretion
discs, the host galaxy’s interstellar medium (ISM), the local envi-
ronment, and the intergalactic medium (IGM). Computing this, we
find that EAGN = 1.4 +/- 0.25 × 1061 erg per M∗ > 1010.5M⊙
galaxy since z = 3. This corresponds to an average AGN luminosity
density of LAGN = 1.0 +/- 0.3 × 1057 erg Mpc−3 Gyr−1
Furthermore, using the Virial Theorem, we can define the
binding energy of a galaxy (VGal) as:
VGal ∼MGal × σ
2 (14)
where σ is the velocity dispersion of the galaxy, and MGal is
the total dynamical mass of the galaxy. Assuming an average ve-
locity dispersion of 250 km/s and an average dynamical mass of
1011.5M⊙ for our galaxies, we find a binding energy of VGal =






Therefore, the total energy output due to all SMBH accretion since
z = 3 is at least 35 times greater than the binding energy of allM∗ >
1010.5M⊙ galaxies in the Universe. This minimum compares very
favourably with prior theoretical and observational estimates of the
energy emitted in forming a SMBH of ESMBH ∼ 100VGal , found
for example in Silk & Rees (1998) and Fabian (1999).
5.4.5 The Luminosity Density of Active Galaxies out to z = 3 -
Explicit and Galaxy Methods
We calculate the comoving X-ray luminosity density evolution for
massive galaxies explicitly from the total X-ray luminosities emit-
ted by massive galaxies in our surveys and the total volume to
which we are complete. Specifically, we compute the X-ray lumi-
nosity density of AGN (ρAGN ) by summing over the survey area
and redshift range of our volume limited sample, which is explicity
computed by:
















where VS is the total comoving volume of our surveys to which
we achieve mass and luminosity completeness at M∗ > 1010.5M⊙
and LX > 2.35× 1043 erg s−1. AS represents the fraction of each
survey’s area to which we are complete, and VC is the total comov-
ing volume of the Universe between redshifts z1 and z2, computed
for a flat spacetime in a ΛCDM cosmology, as defined in the intro-
duction (§1).
We compute the evolution in the X-ray luminosity density
with redshift, finding values of: 7.3 (+/-2.6)× 1038 erg s−1 Mpc−3
at z = 0.4 - 1, 3.1 (+/-1.5) × 1039 erg s−1 Mpc−3 at z = 1 - 1.5,
and 5.4 (+/-2) × 1039 erg s−1 Mpc−3 at z = 1.5 - 3. The lower two
redshift ranges are in very good agreement with values computed
from XLF studies for similar X-ray luminosity ranges to the ones
we probe here, as found in Aird et al. (2009). This suggests that
the vast majority of the energy contribution to the XLF comes from
the most massive galaxies in the Universe at redshifts z = 0.4 - 1.5.
These values are plotted against the total X-ray luminosity density
of all sources in Fig. 10.
At z > 1.5, however, we obtain a value for the X-ray luminos-
ity density of massive galaxies that exceeds the total X-ray lumi-
nosity density computed for all galaxies across all X-ray luminos-
ity ranges in Aird et al. (2009). This disagreement is most likely
caused by the fact that the GNS (which we use exclusively to probe
high redshifts, z> 1.5, due to its high depth) is centred around mas-
sive galaxies at high redshifts, thus introducing a systematic bias to
observe higher X-ray densities than average in the Universe due to
us having higher than representative massive galaxy densities. We
estimate our GNS field to be 1.6 times more dense in massive galax-
ies than the entire (not mass selected) GOODS field (Conselice et
al. 2010; Mortlock et al. 2010 in prep.).
In principle this bias can be corrected for by computing the
X-ray luminosity density for massive galaxies from a galaxy co-
moving number density approach, combining the energy output
per galaxy and fraction of active galaxies (computed in §5.4.3 and
5.4.4) to the comoving number density evolution of massive galax-
ies from unbiased fields.
From this approach, the average X-ray luminosity density, for
the entire redshift range probed (z = 0.4 - 3) is 1.5 +/- 0.6 × 1039
erg s−1 Mpc−3, but this varies with redshift as the active fraction
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Figure 10. The contribution to the X-ray luminosity function of sub-QSO massive galaxies across three redshift ranges, z = 0.4 - 1, z = 1 - 1.5, and z = 1.5 - 3.
Our results are broadly consistent with X-ray active sub-QSO massive galaxies being the dominant source of X-ray radiation in the Universe, contributing the
majority of the total X-ray luminosity density in each redshift range. Red triangles have luminosity densities computed via an explicit method computing the
total X-ray luminosity within a given volume surveyed (see §5.4.5 for more details). Blue squares have luminosity densities computed via convolution with the
comoving number densities of massive galaxies which agree (to within 1 σ) with the explicit method in the lower two redshift ranges, with more significant
departure in the highest redshift range due to the fact that the GNS is selected to maximise the density of massive galaxies at z > 1.7 in the GOODS field (see
§5.4.6 for more details). The lines plot are approximate best fit X-ray luminosity functions to the deepest Chandra surveys (CDF-N/S) constructed from data
in Aird et al. 2009, where we reproduce only the most relevant luminosity ranges here.
and mean luminosity also vary. i.e the X-ray luminosity density at
z = 0.4 - 1 it is 6.1 +/- 2.5 × 1038 erg s−1 Mpc−3, at z = 1 - 1.5
it is 4.3 +/- 1.7 × 1039 erg s−1 Mpc−3, and at z = 1.5 - 3 it is 3.3
+/- 1.2 × 1039 erg s−1 Mpc−3. These values compare remarkably
well to the calculation from the explicit method above for the lower
two redshift ranges, and to calculations of the emissivity from XLF
studies in Aird et al. (2009) in particular for all redshift ranges.
These values are plotted in Fig. 10 alongside those calculated from
the explicit method.
We find a rise in X-ray luminosity density with redshift out to
z ∼ 1.5, followed by a levelling off, or probable turn around there-
after. Moreover, we find estimates of the emissivity for AGN with
43.5 < log LX < 45 with a peak value of ∼ 4 × 1039 erg s−1
Mpc−3 in very close accord with Aird et al. (2009). It is pertinent
to note that our estimates of this value are constructed from an inde-
pendent methodology, and the fact that these different approaches
agree is indicative of our ability to place definite precision con-
straints on the energy outpourings of AGN out to high redshifts, for
modest luminosity Seyferts as well as QSOs on a galaxy popula-
tion basis. Additionally, the corroboration between different meth-
ods obtaining comparable results lends further reliability to our es-
timates of the maximum timescales of AGN in our sample, and the
minimum value of the total AGN fraction since z = 3. These results
also suggest that massive galaxies are the dominant source of X-ray
emission in the Universe across all of the redshift ranges probed, z
= 0.4 - 3, since their contribution to the XLF is almost sufficient to
account for its entire magnitude at each redshift.
5.5 Hardness-Mass Dependence
The hardness of an X-ray source can prove to be an interesting
probe of various aspects of the nature of the AGN. In particular, it
can reveal the level of absorption experienced and, hence, is cou-
pled to the n(H) column density around AGN. We investigate here
whether there are correlations between the hardness of our X-ray
sources and the masses of the host galaxies in which these sources





where fH is the hard band flux and fS is the soft band flux. We
crudely define hard X-ray sources as those with H > 0.5, and soft
X-ray sources as those with H < 0.5. As we look to higher red-
shifts both the hard and soft bands will become effectively harder.
However, for the purposes of this analysis, that effect is not a partic-
ularly great problem since at all rest-frame energies probed in this
paper, softer bands will be more prone to absorption than harder
bands, and, hence, this hardness ratio will still divide our sample
amply between those with high and low levels of absorption. From
Fig. 6 it is apparent that hard X-ray sources fall systematically be-
low their softer counterparts in units of µMBH . This might be ex-
pected as the harder X-ray sources must have experienced greater
absorption due to higher n(H) column densities. This effect, how-
ever, is small and our results remain primarily unchanged even if
we exclude the hard X-ray sources. We have minimised this effect
by choosing to use the hard band X-ray data from Chandra where
absorption is reduced.
An additional trend may also be noted whereby the harder
sources tend to be more biased towards the high stellar mass end of
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these plots, in the lower two redshift ranges. In the highest redshift
range selection effects conspire to lead us to detect predominantly
hard X-ray sources and to our measure of hardness being skewed
to harder sources generally. To test this we compare the hardness
of X-ray sources with the stellar mass of their host galaxies for our
lower redshift points.
We ran a KS test finding that the mean mass of host galaxies
with a soft X-ray source was 8 × 1010 M⊙ +/- 1.5 × 1010 M⊙,
with the mean mass of galaxies with a hard X-ray source being 1.1
× 1011 M⊙ +/- 1.5 × 1010 M⊙, across the lowest redshift ranges.
This represents a 97 % chance that the masses of the host galaxies
for the hard and soft X-ray sources come from different underlying
populations, a significance of ∼ 2 σ.
6 DISCUSSION
In this section we give a summary of our results and discuss them
in the context of galaxy formation and evolution, and in particular
the role of AGN within the evolution of galaxies at z < 3.
6.1 Evolution in the MBH −M∗ Relationship
It is difficult to disentangle the SMBH mass from measures of
the Eddington limiting (minimum) SMBH mass, without knowing
something about the Eddington ratio, µ. As such, we have retained
this source of error within our data and chosen to plot µMBH (=
ME) as opposed to MBH in all plots, making no assumption about
the actual value of µ, and instead representing this degeneracy by
showing the relative position of the local MBH −M∗ relation as
a function of µ (solid and dotted lines) in Figs. 6 and 7. We have
noted some evolution in the µMBH/M∗ ratio with redshift, sig-
nifying either a possible departure from the local relationship at
higher redshifts, or evolution in the mean value of µ. If we assume
that the local relation remains valid at high redshifts then this cor-
responds to an observed evolution in µ.
The fact that we observe a higher fraction of AGN with µ >
0.1, and a higher mean value of µ, at higher redshifts is probably
indicative of the amount of cool gas available in the centre of galax-
ies decreasing over cosmic time, since the µ ratio is directly related
to the available fuel for the SMBH. Where there is unlimited fuel
in the form of cool gas at the centre of galaxies, and excellent sup-
ply routes to get this fuel into the black hole, one would expect the
accretion luminosity to tend towards the Eddington limiting lumi-
nosity, giving µ = 1. With a reduction in fuel or supply route effi-
ciency (e.g. through obstruction from outflows) one would expect a
lowering in the Eddington ratio. Since galaxies in general decrease
their cold gas content over cosmic time due to supernovae (SNe)
and AGN feedback, merging, and environmental effects (such as
tidal and ram pressure stripping), it is natural to expect a reduction
in the mean value of µ over cosmic time (see respectively Brighenti
& Mathews 2003, Ciotti & Ostriker 2001, Bluck et al. 2009, Con-
selice, Yang & Bluck 2009, and Roediger & Hensler 2005).
If evolution in µ exists then there is no requirement for further
evolution in the MBH − M∗ relation. Thus, our results are con-
sistent with the view that SMBHs and their host galaxies largely
co-evolve, increasing their mass in proportion to one another. How-
ever, if we take the converse view that there is no evolution in µ
then we must conclude that the MBH −M∗ relation evolves such
that SMBHs had masses higher than expected from the local rela-
tion, with regards to their host galaxy’s mass, at higher redshifts.
Given that the mean value of µ is expected to rise with redshift in
general for massive galaxies, we can quantify the maximum possi-
ble evolution in the local MBH −M∗ relation by setting µ to be
constant at its low redshift value and permitting only evolution in
MBH−M∗ to account for the observed evolution in µMBH−M∗.
Quantitatively this corresponds to a maximum evolution in the ratio
M∗/MBH of less than a factor of two, from ∼ 1000 at z = 0 to ∼
700 at z = 2.5.
This type of evolution to lower M∗/MBH values at higher
redshifts seems unlikely as it would imply either that SMBHs lose
mass (which is ruled out on theoretical grounds) or else that galax-
ies grow in size more rapidly than their central black holes. This is
also very unlikely as we have observed a sharp decline in merging
and star formation rate with redshift (see e.g. Bauer et al. 2010 in
prep., Bluck et al. 2009, Conselice, Yang & Bluck 2009) for mas-
sive galaxies at redshifts z < 3, and moreover SMBHs are expected
to grow due to merging in line with their host galaxies. There-
fore, we prefer to interpret our results as evolution with redshift
of the Eddington ratio, µ, further implying that the available fuel
for SMBHs declines over cosmic time, which is explicable within
the current paradigm of galaxy evolution. As galaxies evolve they
experience feedback from AGN and SNe which both remove the
availability of cold gas, and furthermore merging and environmen-
tal effects may also contribute to this reduction in cool gas content
of galaxies. As such, older galaxies have less available fuel at their
centres for their SMBHs and, hence, they accrete at lower fractions
(µ) of the Eddington maximum.
One other possibility is that the evolution is µ is dramatic, and
thus the local MBH −M∗ relationship evolves such that SMBHs
were less massive than expected for their host galaxies’ masses.
We can quantify this maximum positive evolution in the MBH/M∗
ratio as being ∼ a factor of 10, by setting µ = 1, its maximum limit
assuming sub-Eddington accretion. Thus, we conclude that either
SMBHs evolve more or less in proportion to their host galaxies, or
else there is dramatic evolution in µ leading to SMBHs growing
later in mass than their host galaxies, through accretion of cool gas.
By way of comparison to the body of literature on the sub-
ject of possible evolution in the MBH −M∗ relationship with red-
shift, it is pertinent to note that a wide variety of methods and lu-
minosity ranges have been used and studied, leading to a quite di-
verse set of conclusions. For example, Borys et al. (2005) find that
SCUBA galaxies have SMBHs which are systematically lower than
expected from the local relation for their stellar mass by up to a fac-
tor of 50 or so (via Eddington methods), and Alexander et al. (2008)
also deduce that for SMGs (sub millimetre galaxies) SMBHs are
also smaller than expected for their host galaxy’s mass by a smaller
factor of 3 or so (via virial methods). However, Jahnke et al. (2009)
find that type-1 AGN galaxies from the COSMOS survey fit closely
onto the local MBH−M∗ slope of Haring & Rix (2004) out to z∼
2. Conversely, recent studies by Merloni et al. (2010) and Declari
et al. (2010a,b) using virial estimators of SMBH masses in QSO’s
both conclude that there is evolution in the local MBH −M∗ rela-
tion with redshift such that M∗/MBH was lower at high z, by up
to a factor of 7 (Declari et al. 2010) or 3 (Merloni et al 2010) by z
= 3.
Our results are for lower luminosity AGN, principally bright
Seyferts, than the majority of studies discussed above, and we rule
out positive evolution in the M∗/MBH ratio of greater than a factor
of 2, but we do not particularly well constrain evolution to higher
values (noting that this must be less than a factor of ∼ 10). Despite
the inconsistency in luminosity ranges probed and methods used for
deducing SMBH masses, there is very broad agreement between all
of these approaches that the local MBH −M∗ relationship is not
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departed from by more than roughly one order of magnitude (or
a factor of 10) in either direction by z = 3. Our study particularly
favours a close adherence to the local relationship of Haring & Rix
(2004) for bright Seyfert galaxies out to z = 3, providing there is
not drastic positive evolution in the Eddington ratio, µ, with red-
shift. If this type of drastic increase in µ does occur then we are
forced to conclude that SMBHs in Seyfert galaxies form their mass
after their host galaxies, in apparent contradiction to the results for
QSO’s in Merloni et al. (2010) and Declari et al. (2010a,b), but in
accord with the conclusions based on studying SMGs in Borys et
al. (2005) and Alexander et al. (2008). Nevertheless, we feel that
the most natural conclusion from our results is that SMBHs and
their host galaxies evolve principally together, in proportion to one
another, preserving the local relation out to z = 3, in agreement with
Jahnke et al. (2009), as this would require only mild and plausible
evolution in µ with redshift.
6.2 From AGN Lifetimes to Feedback Energy
We observe that the fraction of AGN above our luminosity thresh-
old (LX > 2.35 × 1043 erg s−1) rises with redshift, and that the
true fraction, calculated via considering the maximum amount of
time a given AGN can continue accreting at its current rate before
surpassing the local relation, also rises with redshift. This result re-
flects the rising mean Eddington ratio with redshift, assuming the
validity of the local MBH −M∗ relation at all redshifts. Together
this may all be interpreted as AGN activity in the Universe rising
with redshift, and possibly levelling out at z ∼ 1.5 - 3 where there
is an optimum synergy between the mass of SMBHs and available
fuel at the centre of each galaxy. This is consistent with conclu-
sions based on probing the X-ray luminosity function (XLF), in
e.g. Ueda et al. (2003), Barger et al. (2005), Hasinger et al. (2005)
and Aird et al. (2009), who all find a similar rise and then peak in
X-ray luminosity within a similar redshift range.
We have constructed a novel method for estimating the max-
imum lifetimes of Seyfert luminosity AGN. Using the timescales
calculated from considering the maximum accretion permitted be-
fore a given AGN will rise above the local MBH −M∗ relation,
we have calculated the total fraction of M∗ > 1010.5M⊙ galax-
ies which will be active, with LX > 2.35 × 1043 erg s−1, since
z = 3. We find that at least 40% of all massive galaxies will reach
Seyfert level luminosities from accretion onto their central SMBHs.
Perhaps all massive galaxies will undergo an active period in their
evolution since z = 3, but currently we can only be sure that at least
a significant fraction will obtain this level of X-ray activity.
Moreover, we have computed the energy density due to seyfert
luminosity AGN residing within massive galaxies in the Universe
as ρAGN = 1.0 +/- 2.5 × 1057 erg Mpc−3 Gyr−1, noting that this
corresponds to an average massive galaxy producing at least a fac-
tor of ∼ 35 times its binding energy in AGN emission. Further, we
compute the X-ray luminosity density from this method and note
that it rises with redshift from 6.1 +/- 2.5 × 1038 erg s−1 Mpc−3
at z = 0.4 - 1 to 4.3 +/- 1.7 × 1039 erg s−1 Mpc−3 at z = 1 - 1.5,
with a slight reduction to 3.3 +/- 1.2 × 1038 erg s−1 Mpc−3 at
z = 1.5 - 3, in very close accord to other, alternative, XLF based
methods, including Aird et al (2009). In fact in Fig. 10 we com-
pare the total X-ray luminosity density in the Universe at various
redshifts (found in Aird et al. 2009) to the contribution provided by
sub-QSO massive Seyfert luminosity galaxies (this paper), finding
that the majority of the X-ray luminosity density of the Universe is
provided by this population at all redshifts up to z = 3.
It has been known for some time that the energy outpourings
of AGN will be greater than the binding energy of their host galax-
ies (see e.g. Silk & Rees 1998, Fabian et al. 1999), but in this paper
we have constrained this empirically per galaxy, as opposed to per
AGN. We now know that not only will active galaxies have a greater
energy output by their AGN than their total binding energy by some
large factor (up to 100 fold according to Fabian et al. 1999), but that
the energy released by AGN (even primarily in the Seyfert regime)
is at least 35 times greater than the binding energy of all massive
(M∗ > 1010.5M⊙) galaxies in the Universe. However, it is clear
that the crucial question still to be answered is, what fraction of this
energy couples to the galaxy? What we measure is the energy that
escapes the galaxy to be later detected by us, whereas what mat-
ters for considerations of AGN feedback on star formation is what
magnitude of energy couples to the galaxy itself through radiative
or momentum driven processes. To improve these minima, apply
them to average mass galaxies, and develop a deeper understand-
ing of the coupling of AGN emissions to galaxy evolution, we shall
have to wait for next generation X-ray telescopes and surveys, as
well as the JWST.
7 SUMMARY AND CONCLUSIONS
In this paper we have detected 508 X-ray selected AGN at 0.4 <
z < 6 across the EGS and GOODS North and South fields, using
the criteria set out in §3.1. We have constructed a volume limited
sample of 85 galaxies with LX > 2.35 × 1043 erg s−1 and M∗ >
1010.5 M⊙ at 0.4 < z < 3, with which we probe the co-evolution
of SMBHs and their host galaxies over the past 11.5 billion years.
We adopt an Eddington limit method to obtain minimum mass esti-
mates for the SMBHs residing at the centre of these active galaxies
and compare these values to stellar masses of the host galaxies as a
function of redshift (see §A for data table). We find an active frac-
tion of 1.2 +/- 0.2 % at 0.4 < z < 1, which rises to 6.0 +/- 0.8 % at
1 < z < 1.5, with a further modest rise to 7.4 +/- 2.0 % at 1.5 < z
< 3.
We probe the µMBH − M∗ relation across three redshift
ranges (see Fig. 6) and find that this relation appears in general
lower in value, and less steep, than the local MBH −M∗ relation.
We interpret these differences as lying with our inability to detect
low mass host galaxies accreting with small values of µ and, fur-
ther, interpret the offset between the local MBH −M∗ relation and
our measured µMBH −M∗ relation as an evolution in µ. In partic-
ular, we measure the fraction of high accreting SMBHs, accreting
with µ > 0.1 (assuming the local relation’s validity at z > 0), to
rise from ∼ 17% at z = 0.6 to∼ 22% at z ∼ 2.5 (representing a 3σ
evolution).
We calculate accretion rates for our sample of AGN and plot
the results of this in Fig. 9. We find that there is a high degree of
scatter in the accretion rate across all redshifts and stellar masses.
Nonetheless, we identify a population of galaxies with very high
accretion rates which are only found in high stellar mass galaxies.
Moreover, we find that higher mass host galaxies contain higher
accreting AGN to a 3σ significance. This is to be expected be-
cause more massive galaxies are predicted to contain more massive
SMBHs which may accrete at a higher rate.
Further, we calculate maximum timescales at which AGN in
our sample can continue to accrete at their current rate, noting that
many of these timescales are quite short, with maximum values ∼
a few 100 Myrs, and an expectation value of < τmax > ∼ 0.9
Gyr. From this we calculate the true corrected fraction of ‘Seyfert’
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luminosity AGN in each redshift range, observing that it also rises
with redshift.
Perhaps our largest contribution in this paper is computing a
minimum fraction of galaxies at M∗ > 1010.5M⊙ that will con-
tain ‘Seyfert’ luminosity AGN at some point over the past 11.5
Gyrs (since z = 3). We find that at least ∼ 40% of all massive
galaxies will at some point during their evolution between z = 3
to the present be active with LX > 2.35 × 1043 erg s−1. We also
compute the X-ray luminosity density evolution due to massive
galaxies, with Seyfert luminosities and brighter, from our sample
of AGN, finding a close agreement with the latest estimates of the
total X-ray luminosity density evolution from distinct X-ray lumi-
nosity based methods (e.g. Aird et al. 2009). This suggests that the
majority of the X-ray luminosity function is generated by massive
sub-QSO galaxies.
Moreover, we use this total active fraction at ‘Seyfert’ lumi-
nosities to compute the average energy output due to AGN per
galaxy, and note that this is at least 35 times greater than the bind-
ing energy of an average massive galaxy. This is consistent with
several previous studies in the literature (e.g. Silk & Rees 1998,
Fabian 1999). We extend this prior work quoting this minima em-
pirically and for each massive galaxy in the Universe, as opposed to
each AGN. The impact of this much energy being released into the
galaxies, as well as into the surrounding large scale environments,
might have a profound influence on galaxies’ formation and evolu-
tion through AGN feedback. But a crucial question remains: how
much of this energy couples to the host galaxy through radiative or
momentum driven processes, actually causing the feedback on star
formation?
In conclusion, we have provided evidence for the necessity of
redshift evolution in µ to account for our data trends: µmust evolve
with redshift to higher values, indicating that galaxies at higher red-
shifts were more rich in the cold gas used as fuel by the SMBH.
Furthermore, we note an increase in the AGN fraction with redshift
which is also indicative of overall AGN activity rising with redshift,
as seen previously in many studies of the evolution of the X-ray lu-
minosity function (e.g. Barger et al. 2005, Hasinger et al. 2005).
Thus, there is a rise in AGN luminosity out to z ∼ 1.5 - 2, with a
possible levelling off thereafter to z = 3, driven perhaps by an opti-
mal balancing of available fuel and mass of SMBHs. Our results are
consistent with no change in the local MBH−M∗ relation, provid-
ing there is modest and plausible evolution with redshift in µ. Fur-
thermore, we place a maximum limit on possible evolution in the
M∗/MBH ratio of less than a factor of two to lower values, and less
than a factor of ten to higher values, for massive galaxy ‘Seyferts’
luminosity AGN. Therefore, we suggest that SMBH masses and
their host galaxy stellar masses evolve together, in direct proportion
to one another, or else there is a dramatic increase in the Eddington
ratio with redshift and, thus, SMBH masses are built up after their
host galaxies.
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APPENDIX A: DATA TABLES
Table A1: Volume Limited Sample of Active Massive Galaxies at 0.4 < z < 3
ID RA Dec zphot Log(M∗ [M⊙]) Log(L2−10KeV [erg s−1]) Log(MEdd [M⊙]) Hardness (H)
1 189.1483 62.2400 1.550 10.84 43.42 6.42 0.85
2 189.0489 62.1708 1.550 10.72 43.46 6.46 0.95
3 189.0659 62.2544 2.745 11.25 43.85 6.85 0.95
4 189.0912 62.2677 2.235 10.75 43.51 6.51 1.00
5 189.0798 62.2449 2.945 10.76 43.95 6.95 0.28
6 189.0944 62.1747 2.385 10.61 43.91 6.91 0.30
7 53.1070 -27.7182 2.410 11.27 44.17 7.17 0.59
8 53.0764 -27.8486 1.570 11.42 43.74 6.74 0.93
9 53.0393 -27.8018 2.705 11.37 44.34 7.34 0.67
10 213.8910 52.0994 0.986 11.06 44.18 7.18 0.17
11 213.9490 52.1455 0.619 11.33 43.44 6.44 0.77
12 213.7360 52.1612 0.992 11.32 43.77 6.76 0.42
13 213.9640 52.2279 0.752 10.95 43.43 6.42 0.45
14 214.2080 52.3026 0.808 11.17 43.41 6.41 0.97
15 214.2220 52.3511 0.982 11.06 43.37 6.37 0.16
16 214.4410 52.5090 0.985 11.34 43.85 6.85 0.70
17 214.3860 52.5342 0.986 11.34 43.59 6.59 0.48
18 214.4790 52.6956 0.464 10.52 43.82 6.82 0.85
19 214.9280 52.7771 0.784 10.92 43.73 6.73 0.35
20 214.7950 52.7839 0.820 11.15 43.60 6.59 0.51
21 215.1170 52.9782 0.871 10.62 43.56 6.55 0.37
22 213.7870 52.1117 0.837 11.09 43.65 6.65 0.54
23 213.7930 52.1086 0.931 10.85 43.60 6.60 0.42
24 214.2680 52.3611 0.859 11.17 43.77 6.77 0.89
25 214.2140 52.3462 0.981 11.35 43.92 6.92 0.15
26 214.0950 52.3212 0.826 11.35 44.47 7.47 0.42
27 214.1440 52.3775 0.885 10.88 43.56 6.56 0.50
28 214.4960 52.5275 0.938 11.02 43.46 6.46 0.51
29 215.5220 53.1810 0.995 10.88 43.66 6.65 0.46
30 215.5000 53.2119 0.780 11.51 43.92 6.91 0.51
31 215.2640 53.3062 0.873 10.96 43.42 6.42 0.20
32 215.7650 53.4468 0.866 10.50 43.66 6.66 0.46
33 213.8120 52.1602 1.296 11.33 43.61 6.61 0.31
34 214.2120 52.2579 1.034 10.89 44.24 7.23 0.35
35 214.1370 52.3172 1.028 11.12 44.15 7.15 0.97
36 214.0270 52.4165 1.313 11.37 44.34 7.34 0.60
37 214.4240 52.4732 1.148 11.93 44.37 7.37 0.53
38 214.3910 52.5637 1.083 11.43 43.40 6.40 0.66
39 214.5230 52.6757 1.413 10.79 44.08 7.07 0.54
40 214.9170 52.8274 1.232 11.32 43.42 6.42 0.69
41 214.7870 52.9436 1.392 10.69 44.22 7.22 0.40
42 215.4250 53.1798 1.418 11.26 43.60 6.59 0.30
43 213.9240 52.1551 1.343 10.51 43.46 6.45 0.45
44 213.6690 52.1407 1.017 11.02 43.59 6.59 0.50
45 214.1800 52.2433 1.069 11.54 45.03 8.03 0.35
46 214.2360 52.2577 1.033 11.49 43.44 6.44 0.19
47 213.9910 52.2502 1.060 10.81 43.39 6.39 1.00
48 213.9520 52.2691 1.033 10.93 43.91 6.90 0.44
49 214.1500 52.3201 1.180 10.98 43.38 6.38 0.50
50 214.4120 52.3925 1.138 10.68 43.91 6.90 0.35
51 213.9730 52.3799 1.405 10.70 43.47 6.47 0.58
52 214.1240 52.3926 1.044 11.49 43.47 6.47 0.97
53 214.5000 52.3732 1.240 11.09 43.99 6.99 0.69
54 214.4550 52.4699 1.064 11.07 43.62 6.62 0.62
55 214.5860 52.5842 1.488 10.87 43.43 6.43 1.00
56 214.5190 52.6092 1.223 11.15 43.88 6.88 0.30
57 214.6920 52.6866 1.492 10.90 43.90 6.90 0.39
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Table A1 –Continued
ID RA Dec zphot Log(M∗ [M⊙]) Log(L2−10KeV [erg s−1]) Log(MEdd [M⊙]) Hardness (H)
58 214.5590 52.7224 1.206 10.88 43.55 6.55 0.90
59 214.5770 52.7322 1.148 10.54 44.00 7.00 0.36
60 214.4680 52.7154 1.239 10.91 43.52 6.52 0.69
61 214.7520 52.7618 1.460 10.65 43.42 6.42 0.75
62 215.0280 52.8236 1.443 10.67 43.64 6.63 0.21
63 214.9480 52.8407 1.336 11.45 43.40 6.39 1.00
64 215.2690 52.9748 1.322 11.03 43.77 6.77 0.88
65 215.2820 53.0550 1.052 10.70 43.74 6.73 0.52
66 214.9760 53.0463 1.419 10.97 43.70 6.70 0.28
67 214.9720 53.0349 1.362 10.83 44.15 7.14 0.45
68 215.0970 53.0865 1.078 11.43 43.55 6.55 0.89
69 215.0850 53.1205 1.309 11.08 43.58 6.58 0.35
70 215.4300 53.1478 1.200 10.95 43.61 6.61 0.59
71 215.4930 53.1347 1.043 10.77 43.47 6.47 0.46
72 215.0710 53.1338 1.038 11.18 43.68 6.68 0.34
73 215.5000 53.2149 1.309 10.62 43.56 6.56 0.69
74 215.3970 53.2262 1.150 11.17 43.74 6.73 0.33
75 215.2950 53.1810 1.206 10.81 43.71 6.70 0.45
76 215.4800 53.2373 1.226 10.83 43.80 6.80 0.38
77 215.7630 53.3735 1.405 11.44 44.27 7.27 0.67
78 215.6570 53.3620 1.272 11.05 43.96 6.96 0.43
79 215.5830 53.3306 1.240 11.13 43.71 6.71 0.43
80 215.4020 53.3373 1.466 11.08 43.88 6.88 0.18
81 215.5160 53.4142 1.082 11.13 44.11 7.11 0.37
82 215.8490 53.4718 1.460 10.90 44.19 7.18 0.91
83 215.7700 53.5167 1.281 10.67 43.41 6.40 0.20
84 215.7770 53.5192 1.281 10.69 44.22 7.21 0.91
85 215.6980 53.5342 1.157 10.78 43.56 6.56 0.63
In the above table we restrict the full AGN matched list of 508 secure AGN detections (provided by matching within a 1.5′′ radius GOODS
and EGS galaxy catalogs with the extensive deep Chandra imaging in the same fields), by highlighting only those AGN with host galaxy
stellar masses M∗ > 1010.5M⊙ and with hard band X-ray luminosities L2−10KeV > 2.35 × 1043 erg s−1, where we are complete for
restricted areas of the EGS sample to z = 1.5, and for the GNS sub-sample to z = 3. M∗ is the stellar mass of the AGN host galaxy, MEdd is
the Eddington limitted (minimum) mass of the SMBH (see §4.3 for definition), and H is the hardness ratio (see §5.5 for definition).
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